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Abstract 
 
In civil engineering, steel cables are widely used in the construction of bridges and 
sports stadia. However, their robustness and resilience against explosively formed 
fragment impact, whether accidental or malicious, remains largely unknown and very 
little research has been carried out on this subject to date. The concern is that small 
fragments projected from the explosion and travelling at high velocity may induce 
significant damage to the cables. This damage could rupture a cable releasing large 
amounts of kinetic energy into the surrounding structure and other damaged cables 
resulting in multiple cable loss and possible disproportionate collapse of the structure. 
To begin investigating this problem a good understanding of the localised damage 
sustained by the cables on impact is required. The work described within this thesis 
begins to address this problem by use of both physical tests and detailed finite element 
analysis. The tests involved firing fragment simulating projectiles at velocities 
ranging from 200 – 1400 m/s at un-tensioned spiral strand cables. Detailed finite 
element models have been developed for the spiral strand cables, with careful 
considerations given to the geometry of the cables, inter-wire contact mechanics, 
cable end boundary conditions and material modelling. The numerical results have 
been verified by comparison with the test results, with particular attention paid to the 
localised damage area, the fragment penetration depth, and the number of heavily 
damaged and totally broken wires. A global response study has also been undertaken 
on a case study structure to assess the effects of sudden cable loss. The work 
contained with this thesis forms part of larger research programme studying the 
robustness and resilience of cable supported structures subjected to highly transient 
loading conditions. 
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Chapter One 
  
 
Introduction 
1.1 Background 
Lightweight cable supported structural systems are widely adopted in large scale 
structures such as sports stadia, bridges, Ferris wheels and suspended canopy and 
fabric structures. They can offer economic and innovative structural solutions that 
create aesthetically pleasing structural forms whilst enclosing and supporting large 
volume spaces. Examples include the City of Manchester Stadium, the Gateshead 
Millennium Footbridge, the London Eye and the Central Park Station Canopy in 
Manchester (Fig. 1). The term ‘lightweight’ stems from the strength to weight ratios 
offered by the steel cables that make-up such structures. 
 
 
 
  
Fig. 1 Examples of lightweight cable supported structures 
 
Research and development has been carried out over the years to help understand the 
physical behaviour of such structures and the cables they are made of. This work has 
Chapter One: Introduction 
 
2 
 
focused on cables subjected to quasi-static loading conditions and has filtered through 
into design guidance and codes of practice. However, questions remain regarding the 
robustness of such structures to highly transient loading conditions such as blast, 
impact or a combination of both.  
 
The threat of a terrorist attack has become a concern in structural safety, more so in 
recent years as a result of the ever increasing politically hostile environment we live 
in. This has resulted in an increased demand for structures to be robust and resilient 
against the effects of an explosion. The cause of the explosion however need not be 
malicious in nature, but could be purely accidental e.g. a vehicle explosion on a 
bridge deck as a result of a collision.  
 
A particular concern associated with cable supported structures is that of sudden cable 
loss leading to possible disproportionate damage or collapse of part or all of the 
structure. Recent research carried out in the US (Zoli and Steinhouse, 2007) 
highlighted that there are a number of potential mechanisms capable of inducing 
sudden cable loss including the impact of explosively generated fragmentation 
travelling at high velocity as depicted in Fig. 2   
 
 
 
Fig. 2 Problem schematic 
The work presented in this thesis forms part of a larger research programme to 
investigate the overall robustness of cable supported structures in the event of a blast. 
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The primary focus of this work was to gain a better understanding of the damage 
sustained by the cables when subjected to high velocity fragment impact with the aim 
being to establish whether the damage induced would result in sudden cable loss and 
if so what are the consequences on the surrounding structure with respect to the 
effects of disproportionate collapse. 
 
1.2 Aims and objectives 
The objectives of this research were to: 
 
i. Investigate the structural behaviour, perforation and penetration resistance of a 
60 mm diameter spiral strand cable when subjected to high velocity fragment 
impact at velocities ranging from 200 – 1400 m/s, using fragment simulating 
projectiles (FSP). 
 
ii. Investigate and compare the residual load carrying capacities of the fragment 
damaged cables and compare with the manufacturer specified design 
resistance and minimum breaking load. 
 
iii. Investigate and compare the damage induced by the ‘harder’ FSP and‘softer’ 
vehicle skin fragment from a real Vehicle Borne Improvised Explosive Device 
(VBIED) field test. 
 
iv. Using a case study cable supported structure, investigate the local and global 
structural effects in the event of sudden cable loss using a full non-linear 
dynamic finite element simulation with oppose to the dynamic amplification 
method and suggest recommendation and further work. 
 
1.3 Scope of Work 
1.3.1 Summary 
The objectives of this study were investigated through the development of full 3D 
finite element models to study the effects of high velocity impact coupled with 
physical impact testing carried out at Shrivenham Defence Academy. The results of 
the testing were used to help validate the numerical models. The later stages of this 
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research involved a case study on the global response of a large cable supported roof 
structure in the event of sudden cable loss with the aim being to establish whether 
such a scenario could lead to multiple cable loss or even disproportionate collapse of 
the structure. The main contributions to the advancement of knowledge in this area 
included in this thesis are: 
 
i. Development of detailed numerical models of complex spiral strand cables 
accounting for inter-wire contact mechanics, cable end boundary conditions 
and appropriate material modelling. The models are valid under both typical 
quasi-static axial loading and high velocity fragment impact. 
 
ii. A better understanding of the damage sustained by structural cables when 
subjected to ‘hard’ and ‘soft’ fragments travelling at velocities between 200 
and 1400 m/s.  
 
iii. A better understanding of the effects of sudden cable loss on large cable 
supported roof structures and how to model the response in advanced finite 
element software such as LS-DYNA. 
 
1.3.2 Details and arrangement of thesis 
A clear understanding of the current state of knowledge was required to validate the 
objectives of this research. It was acknowledged from the outset that this study was 
the first of its kind therefore a detailed literature review (Chapter 2) was carried out 
which focused primarily on: 
 
i. The physical behaviour of spiral strand cables when subjected to quasi-static 
axial load from prior testing, analytical and numerical modelling. 
 
ii. The physical behaviour of structural cables when subjected to dynamic axial 
and transverse impact loading. 
 
iii. The behaviour of steel materials when subjected to high velocity projectile 
impact. 
Chapter One: Introduction 
 
5 
 
 
iv. The vulnerability of cable supported structures to highly transient loading 
conditions. 
 
v. The available data on fragmentation deployed from a VBIED and 
characterised fragments used in armour plate testing. 
 
vi. Current design guidance for sudden cable loss and the classification of cable 
supported structures for disproportionate collapse. 
 
Chapter 3 highlights the role of numerical simulation in high velocity fragment impact 
simulations and is used as a basis for development of the numerical models in 
subsequent chapters, highlighting key considerations to be made for the numerical 
modelling presented in this thesis.  
 
Chapter 4 details the development of full 3D finite element models of spiral strand 
cables subjected to quasi-static axial loading. The models were then validated against 
available experimental test data. This was important for later stages where cable 
tension was accounted for in the numerical simulation of high velocity fragment 
impact. The content of Chapter 4 has been published in a journal article for the journal 
of construction and building materials and can be found in Appendix E 
 
Chapter 5 details the fragment impact experimental tests carried out at Bashforth 
Laboratory at Shrivenham Defence Academy. The testing was limited in this research 
project due to practical and funding constraints; however it did provide a good initial 
understanding of the localised damage that would be sustained by the cables when 
subjected to steel fragments travelling at velocities between 200 and 1400 m/s. 
 
Chapter 6 details the further development of the numerical model developed in 
Chapter 4 for high velocity fragment impact simulations with particular reference and 
guidance taken from Chapter 3. This involved a material property identification 
exercise for the steel wires that make up the spiral strand cable and the steel fragments 
considered for impact (FSP and VBIED skin fragment) and additional modelling 
parameters such as fragment to cable contact interfaces, and additional failure criteria.  
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The results of the numerical simulations are then presented. The simulations were 
representative of the testing in the first instance, and then consideration was given to 
the sensitivity of the results to cable end boundary conditions and alternate fragment 
characteristics. The results of the numerical simulations were compared to the 
experimental test results for validation of the models. 
 
The contents of Chapters 5 and 6 has been written up into a journal article for 
submission to the International Journal of Impact Engineering. The paper is currently 
under review. 
 
Chapter 7 provides a brief case study modelling exercise on a large cable supported 
roof structure to consider the event of sudden cable loss and assess the effects on the 
surrounding structure. This was carried out using a full non-linear finite element 
simulation with oppose to dynamic amplification in a purely linear static analysis. 
Recommendations for further research and development are suggested.  
 
Chapter 8 offers overall conclusions and recommendations from this research project 
and defines further research requirements. 
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Chapter Two 
  
 
Literature Review 
2.1 Structural Cables  
Cable supported structures are typically classified as 
 
1. Cable supported structures, and 
2. Cable suspended structures 
 
Cable supported structures are defined as structures in which the cables provide 
‘additional’ support for parts of the structure which also carry load. An example 
would be a cable stay bridge where the cables provide additional support to the bridge 
deck alongside side that provided by the mast/pylon and the abutment at each end of 
the bridge. A cable suspended structure however is defined as a structure entirely 
supported by cables i.e. the cable are responsible for carrying all of the loading 
(Krishna, 1978).  
 
The term ‘cable’ for structural applications, means a flexible tension member with 
insignificant compressive and flexural resistance. This statement is reasonably 
accurate for long cables. At very short lengths, of say less than 5 m, they do have 
some flexural strength, especially the types used in the structures highlighted in Fig. 
2.1. 
 
2.1.1 Typical Applications 
Cables are widely adopted in large-scale structures such as sports stadia, bridges, 
large Ferris wheels, and suspended canopy and fabric structures. They can offer 
economic and innovative structural solutions that create aesthetically pleasing forms 
whilst efficiently enclosing and supporting large volume spaces and providing 
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transparency and natural light. Good examples of the many different applications 
include (a) the City of Manchester Stadium, (b) the Gateshead Millennium 
Footbridge, (c) the London Eye and (d) the Central Park Station Canopy in 
Manchester (Fig. 2.1).   
 
 
(a) (b) 
  
(c) (d) 
Fig. 2.1 Examples of cable supported structures 
 
2.1.2 Products 
The smallest tension element in a cable is the steel wire. The wires are usually circular 
in cross-section and normally range from 3 – 8 mm in diameter. In the case of the 
locked coil strand (Fig.2.2) the wires on the periphery are non-circular z-shaped 
wires. There are typically 4 main cable constructions used for structural applications 
which are the locked coil strand, spiral strand, parallel strand bundle and wire rope 
strand. The locked coil strand and spiral strand are the most commonly used for the 
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structural applications of concern in the present study (Fig. 2.1); however all are 
shown in Fig. 2.2 for reference. Fig. 2.3 shows a side elevation of the locked coil, 
spiral strand and wire rope strand. 
 
 
(a) Locked coil 
strand (b) Spiral strand (c) Wire rope strand (d) Parallel strand 
 
Fig. 2.2 Typical cable cross-sections (Bridon Structural Systems, 2007) 
 
 (a) 
 (b) 
 (c) 
Fig. 2.3 Side elevations of (a) Locked coil strand, (b) Spiral strand, (c) Wire rope 
strand 
 
2.1.3 Locked Coil Strand 
The locked coil strand has a core of helically spun round wires built up in 
circumferential layers each spun in opposite directions around a central wire. This 
minimises residual torque and wire de-coiling as a result of the elastic stresses 
induced in the wires during the winding process. This is shown in Fig. 2.4. The core is 
then surrounded by a cover of helically spun locked z-shaped wires in several layers. 
The typical diameter range for locked coil strand cables is 20 – 180 mm (Bridon 
Structural Systems, 2007).  
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2.1.7 Cable Manufacture 
The wires that make up the cables are manufactured from high carbon steel with 
nominal tensile strengths in the range of 1570 MPa to 1770 MPa. Their high tensile 
strength is attributed to the wire drawing process (i.e. cold working) and heat 
treatment processes, and the inclusion of small amounts of chromium, silicon and 
vanadium (Walton, 1996). The cold drawing process produces important micro-
structural changes which influence the strength of the material (Kumeria et al 1990; 
and Parkins et al 1982). For example, the wires used to make up the cable types 
highlighted in Fig. 2.3 are typically worked from 12 mm diameter high carbon wire 
rods with ultimate tensile strengths in the range of 750 MPa to 1150 MPa (Corus High 
Carbon Wire Rod, 2002). The working process typically consists of a progressive pass 
of the wire rods through a series of conical dies with the diameter progressively 
becoming smaller with each pass until the desired diameter is achieved. Through each 
die the steel is plastically deformed. Following this, the wires are normally thermo-
mechanically treated (typically annealed) to eliminate crystalline defects induced by 
the drawing process, resulting in a more stable structure with increased ductility. In 
the wire drawing industry, annealing is typically used to re-induce ductility after the 
elimination of the ductile micro-structural slip planes that had existed before cold 
drawing. The result of which is a softened and stress-relieved material.    
 
In a study by Toribio and Ovejero (1998) the microstructure of high strength eutectoid 
steel used for civil engineering purposes in pre-stressed concrete was observed after 
each stage of a cold drawing process. Longitudinal and transverse sections were 
studied as depicted in Fig. 2.5. 
  
 
Fig. 2.5 Placement and orientation of the longitudinal (L) and transverse (T) 
metallographic section (Toribio and Ovejero, 1998)  
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Figures 2.6a (0) and 2.6b (0) (L and T) refer to the steel rod before drawing. Figures 
2.6c (3) and 2.6d (3) (L and T) represent a drawn down rod after 3 passes through the 
dies and Figures. 2.6e (6) and 2.6f (6) represent the fully drawn rod down to wire. For 
the longitudinal cut section it was observed that before drawing, the microstructure of 
the rod had a randomly orientated microstructure with no preferential orientation 
angle with respect to the loading axis. In the following passes it was seen that the 
lamellae had a tenancy to align in the drawing direction resulting in a closer and more 
orientated packing resulting from the plastic deformation induced from drawing. In 
the transverse direction, the only variation was the shape of the lamellae. Toribio and 
Ovejero highlighted that the drawing process produced a compressive stress resulting 
in kinking of the pearlite plates, however the orientation angles was in the same range 
as the previous steps. Therefore after drawing the wire microstructure is considerably 
anisotropic. 
 
  
(a) L (0) (b) T (0) 
  
(c) 3L (d) 3T 
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(e) 6L (f) 6T 
Fig. 2.6 Longitudinal and transverse micrographs high strength eutectoid steel after 
cold drawing (Toribio and Ovejero, 1998) 
 
The Young’s Modulus (E) of the wires is approximately 190 MPa, however when the 
wires are spun into a cable the modulus of the whole cable is less than that of the 
individual wires and is dependent on the lay length and lay angle. The longer the lay 
length the nearer the modulus comes to a straight wire and vice-versa i.e. the 
straighter the wires the greater the axial stiffness of the cable (Walton, 1996). The lay 
length describes the distance after which a wire reappears at the same angular position 
along the longitudinal axis of the cable. It is different for each layer of wires as the 
diameter of each layer increases. The breaking strength of the cable is dependent on 
the lay length, being lower for shorter lays and greater for longer lays. For spiral 
strand cables the lay lengths normally range between 9 and 12 times the cable 
diameter. Within locked coil strands however the z-shaped wires require longer lay 
lengths due to their geometry and interlocking requirements and this is another factor 
why they have greater axial stiffness’s than spiral strands.  
 
2.1.8 Strength 
Uniaxial tensile strength tests on individual wires is normally carried out by the cable 
manufacturer to obtain an engineering stress-strain relation which is used to determine 
the basic mechanical properties such as the Young’s Modulus (E), yield strength σ0.2 
and ultimate tensile strength (UTS) of the wire. A measure of wire ductility is also 
established from the wire elongation and reduction in cross-sectional area at failure. 
Typical test data provided by Bridon for both 1570 MPa and 1770 MPa strength wires 
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of 5 mm diameter are listed in Table 2.1, where 0.2% proof stresses are given because 
from tests no obvious yielding points can be seen in the stress-strain relations. 
 
Table 2.1 Typical mechanical properties of 1570 MPa and 1770 MPa strength wires 
(provided by Bridon, 2010 Appendix A) 
Nominal Wire 
Strength 
(MPa) 
Wire 
Diameter 
(mm) 
Breaking 
Load (kN) 
0.2 % Proof 
Stress 
σ 0.2 (MPa) 
Young’s 
Modulus (MPa) 
Ultimate Tensile 
Strength (MPa) 
1570 5 32.66 1391 200.4 1664 
  32.7 1402 191.6 1665 
  32.73 1401 201.3 1667 
  33.95 1430 206.9 1729 
  34.01 1410 202.7 1732 
  34.01 1431 192.8 1732 
  34.07 1438 204.8 1735 
  34.11 1435 196.7 1737 
  34.06 1356 192.7 1735 
  34.14 1435 215 1739 
1770 5 36.95 1558 195.3 1882 
  37.34 1611 200.4 1902 
  36.99 1606 202.4 1884 
  37.19 1595 188.4 1894 
  37.33 1604 199.6 1901 
 
Some typical engineering stress-strain curves are shown in Fig. 2.7 for 1570 MPa and 
1770 MPa strength wires also provided by Bridon. 
 
Chapter Two: Literature Review 
 
15 
 
 
Fig. 2.7 Typical engineering stress-strain relations for 1570 MPa and 1770 MPa 
strength wires (provided by Bridon, 2010 Appendix A) 
 
When deciding upon the allowable stress level, the effect of relaxation must also be 
taken into account (Tibert, 1999). Tests on steel wires show that the relaxation 
accelerates when the wire is held under a permanent stress larger than 50% of the 
ultimate tensile strength, therefore the stresses induced in the cable for permanent 
loading should not exceed 45% of the tensile strength (Gimsing, 1997). 
 
2.1.9 Minimum Breaking Load (MBL) 
The common value for all design standards is the minimum breaking load (MBL) 
which is the load that will always be achieved in a breaking load test. The MBL is 
also referred to in some design standards as the characteristic breaking load or the 
nominal cable strength and it is a value that is quoted by cable manufacturers in 
technical literature. In accordance with Eurocode 3: Design of steel structures Part 1-
11 (BSI, 2006) the minimum breaking load is derived using partial safety factor 
philosophy which is also referred to as the Load Resistance Factor Design (LRFD). 
The design resistance ZR,d of a cable subjected to static load is calculated by dividing 
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the MBL by the partial safety factor of 1.5 x 1.1 = 1.65 hence reducing the load by 
45% as discussed above. The applied loads are also multiplied by safety factors (e.g. 
1.35 for permanent actions and 1.50 for variable actions) which can be found in the 
national annexes (NA) to Eurocode 3 (BSI, 2006). The static calculations for different 
action combinations then give the design strand tension NR,d. 
 
Eurocode 3 (BSI, 2006) also provides an equation for estimating the minimum 
breaking force (Fmin) which is the same as the MBL. The minimum breaking force is 
derived from the following equation: 
 
             ܨ௠௜௡ ௗ
మ	ோೝ	௄
ଵ଴଴଴ 	ሾ݇ܰሿ    (2.1) 
 
where d  is the diameter of the cable in mm 
 K  is the breaking force factor 
 Rr is grade of the wires in MPa 
 
The breaking force factor is an empirical value used in the determination of the 
minimum breaking force and is given by the following equation: 
 
ܭ ൌ 	గ	௙	௞ସ             (2.2) 
 
where f is the fill factor for the rope or cable 
 k is the spinning loss factor  
 
The fill factor is the ratio of the sum of nominal metallic cross-sectional areas of all 
wires in cable (A) and the circumscribed area (Au) of the cable based on its nominal 
diameter (d). The spinning loss factor is a reduction factor for cable construction 
included in the breaking force factor. 
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The equations are useful for estimation purposes however they are not typically used 
by cable manufacturers. The breaking loads which are normally found in 
manufacturer’s literature are based on a continuous regime of breaking load tests 
carried out as part of their quality assurance systems. Also, they may choose to 
optimise the design of the cables in terms of wire diameters, wire positioning within 
the strand cross-section, lay lengths, lay angles and in some cases use a mix of wire 
strengths to achieve a specific design. 
 
Locked coil and spiral strands have minimum breaking loads of between 367 to 31400 
kN and 171 to 25200 kN, respectively (Bridon Structural Systems, 2007). 
 
2.1.10 Axial Stiffness 
For structural applications, one of the most important properties of the cable besides 
the tensile strength and breaking load is the axial stiffness. As mentioned above the 
wires are helically spun to form spiral strands, locked coil strands and wire ropes. A 
cable with helical wires has a lower stiffness than a cable with straight wires. The 
helical lay of wires increases the flexibility of the cable, but reduces the strength and 
stiffness. In some applications, particularly suspended bridges, a high strength and 
stiffness are more important than flexibility and therefore products with parallel wires 
and parallel strands of wires have become popular for large catenary bridge cables. A 
newly constructed cable does not have a linear stress-strain relationship. The reason 
for this is that a cable consists of moving parts (the wires) which need what is termed 
as a ‘run-in period’ (Tibert, 1999). This is best achieved by pre-stretching the cable to 
eliminate constructional stretch, which in turn stabilises the strand’s Young’s 
Modulus (E), to achieve an almost linear stress-strain curve (Butchholdt, 1985) or 
force-elongation relationship. Strand pre-stretching is carried out by the cable 
manufacturer and is conducted using a series of cyclic loadings, typically between 
10% and 50% of the strand minimum breaking load. The elastic strand modulus is 
measured during the final pre-stretching cycle. After pre-stretching the load is taken 
to the specified marking load. The prescribed strand lengths and the position of 
intermediate datum points are then marked on the strand. This is shown in Fig. 2.8. 
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Fig. 2.8 Typical pre-stretching cycle for a structural cable  
(Bridon Structural Systems, 2007) 
 
However, despite this linearising process, the cable stiffness will vary; it is lower in a 
newly erected cable and becomes higher during the useful life of the cable (Raoof, 
1990).  
 
Locked coil and spiral strands have nominal axial stiffness (EA) values of between 42 
to 3780 MN and 19 to 2640 MN, respectively (Bridon Structural Systems, 2007). 
 
2.1.11 Corrosion Protection 
Cables are extremely vulnerable to corrosion. The wires that make up the cables are 
normally inaccessible for inspection and maintenance (especially the inner wires). 
Therefore, adequate corrosion resistance is of paramount importance to the structural 
integrity of the cable. In order to ensure optimum corrosion protection a series of 
measures can be undertaken which are normally offered by most cable manufacturers. 
The individual wires are protected by means of factory applied zinc or zinc alloy 
coating using the hot dip galvanising process (Bridon Structural Systems, 2007). Such 
coatings provide sacrificial protection to the underlying carbon steel wire. For spiral 
strand cables it is necessary to coat all wires, for locked coil strands it is only 
necessary to coat the outer layers of z-shaped wires. During strand spinning, various 
compounds can be applied to fill the voids and coat the wires in order to enhance 
corrosion protection. Suitable blocking materials are synthetic waxes and compounds 
based on petrolatum (Petroleum Jelly) which are hydrophobic and have good 
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adherence. The “as-supplied” strand will have a dry surface. Additional material can 
be painted onto the outside of the strand to provide an extra level of corrosion 
protection. If the cable is exposed to an extremely aggressive environment it is 
normally sheathed within a tube made of steel or polyethylene. The space between the 
tube and cable is filled with suitable compound such as polymer cement grout or 
petroleum wax. Sheathing is by far the most effective method of corrosion protection 
(Walton, 1996). 
 
2.1.12 Cable Terminations 
A cable termination is an attachment, which transmits the forces induced in the cable 
to a supporting system which may be a foundation or other cable termination. To be 
totally effective, the end fitting must be able to withstand the full breaking force of the 
cable without significant yielding, endure dynamic loading without risk of fatigue and 
also aid in the avoidance of fatigue failure in the cable itself (Walton, 1996). 
Terminations can be off the shelf components supplied for a specific range of cable 
sizes or designed and manufactured on a project by project basis. 
 
There are two distinct types of ‘end-fitting’ cable termination which are socketed and 
swaged (Fig. 2.9), the choice of which is governed by the loading criteria. Higher 
loading applications require the use of a socketed system. For lower loading 
applications a swaged system would suffice which also happens to be the cheapest to 
manufacture and supply. However, swaged terminations are typically only available 
and limited to spiral strand cables up to 36 mm in diameter (Bridon Structural 
Systems, 2007).  
 
 
(a) (b) 
Fig. 2.9 (a) Socketed and (b) Swaged terminations 
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Socketed terminations are manufactured by a process called ‘speltering’. The process 
involves opening the end of the strand (locked coil or spiral) to form a brush which is 
then cleaned. It is then positioned inside the internal conical profile of the socket, 
which is then filled with either zinc alloy or polyester resin. The process is depicted in 
Fig. 2.10. Following the attachment of the socket, the assembly will develop 100% of 
the cable breaking strength. This is validated by virtue of the cable breaking load test 
after manufacture where in all cases the cable breaks before the termination fails. This 
is a result of the load transfer between the strand and socket. As tension is applied to 
the cable the cone is drawn into the socket and wedging forces are developed which 
grip the wire ends.  
 
  
  
Fig. 2.10 Socketing process (Bridon, 2010 site visit) 
 
Swaged terminations are manufactured using a mechanical or hydraulic swager which 
compresses and deforms the fitting around the cable creating a permanently clamped 
termination. The performance of this type of end-fitting is governed by the friction 
developed between the cable and termination. As highlighted above this type of fitting 
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2.2  Numerical Modelling of Structural Cables 
Very limited research has been undertaken to understand and predict the full 
mechanical response of locked coil and spiral strand cables when subjected to quasi-
static axial loading up to strand failure. 
  
2.2.1  Previous Analytical Studies  
Several analytical models are available to predict the mechanical behaviour of 
structural cables (Ghoreishi et al, 2007). Ghoreishi et al carried out a comprehensive 
literature survey on the available models, the details of which are briefly highlighted 
here. The very early approaches only incorporated the effects associated with tensile 
axial stiffness and the bending and torsional stiffnesses of the wires were neglected. 
Such analyses have been performed by Hruska (1951, 1952 and 1953) and Knapp 
(1975) for a rigid core of wires. These models were modified by McConnell and 
Zemeke (1982) by considering the torsional stiffness of all the individual wires. 
Ghoreishi et al highlights that more recent and complex analytical models are based 
on beam theory assumptions adopted from Love (1944). Following this approach, 
Machida and Durelli (1973) studied the effects of the bending and torsional stiffness 
of the individual wires on the cable stiffness matrix. A general non-linear theory for a 
layer of helical would wires without a core was presented by Costello and Phillips, 
(1976) which included the effects of radius and lay angle variations. The model was 
later extended by Phillips and Costello (1985) and Velinsky (1985) to practically 
apply it to wire rope with internal wire rope cores. Then, Costello (1997) presented a 
theory including the effects of curvature and twist variations. Contact mode 
conditions (radial and lateral) were considered by Huang (1978) for a 7-wire strand in 
which both local contact deformation and the Poisson’s ratio effects are neglected. 
Costello’s theory was extended by Utting and Jones (1987) to include wire flattening 
(contact deformation) and friction effects. The results of their work showed that such 
phenomena have very little effect on estimates of the global cable response. A new 
analytical approach was presented by Labrosse (1998) to predict the overall behaviour 
of a 7-wire strand subjected to bending, tension and torsion. The model neglected 
Poisson’s ratio effects, however relative motions between the wires were considered. 
An approach for multi-layered cables (i.e. larger than the 7-wire strand) was adopted 
by Hobbs and Raoof (1982) where each layer is modelled as an equivalent orthotropic 
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sheet which has been extended over the years. The same approach can also be used by 
replacing each layer with a cylinder of orthotropic, transversely isotropic material as 
demonstrated by Blouin and Cardou (1989), Jolicoeur and Cardou (1994 and 1996) 
and Crossley et al (2003). 
 
For reference at this point a 7-wire strand is one which has six circular helically 
wound outer wires which are spun around a central straight wire. An example of this 
is shown in Fig. 2.14. 
 
 
Fig. 2.14 Simple 7-wire spiral strand (Jiang et al, 1999) 
 
2.2.2  Previous Numerical Studies  
The validity of the analytical models discussed above was investigated by Ghoreishi 
et al (2007) by a full 3D FE study of a 7-wire strand. It was found that all analytical 
models could only predict accurate axial stiffness when the lay angle was smaller than 
20 degrees, beyond which the error could reach 40% or higher. Generally these 
models are useful for rough estimation of the cable axial stiffness but are often 
incapable of accurately describing non-linear phenomena such as localised damage 
and plasticity development in individual wires, wire to wire contact and friction, all of 
which can contribute to cable failure (Chaplin, 1995). 
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Jiang et al (1999 and 2000) developed elasto-plastic 3D FE models using a ‘concise-
sector’ based method which makes use of the geometric symmetry of the strand. Only 
a fraction of a strand slice, called a “basic sector” was modelled with very precise 
boundary conditions. This is shown in Fig. 2.15 for a 7-wire and Fig. 2.16 for 19-wire 
spiral strand. 
 
Fig. 2.15 Basic sector model for 7-wire spiral strand (Jiang et al, 1999) 
 
The models were analysed using the commercially available finite element analysis 
programme ANSYS. Three dimensional solid brick elements were used for the 
discretisation. Contacts between the centre and helical wires were simulated using 
contact elements between the surfaces. The contact elements allowed positive 
pressures to be transferred between the contacting surfaces and also allowed a gap to 
form between the surfaces. Precise boundary conditions are maintained by using 
constraint equations which relate the displacements of the corresponding nodes on the 
top and bottom cross-section of the strand.  
Chapter Two: Literature Review 
 
26 
 
 
Fig. 2.16 Basic sector model for 19-wire spiral strand (Jiang et al, 2000) 
 
The geometrical and material data of the strands modelled by Jiang et al (1999 and 
2000) were taken directly from Utting and Jones (1987) so their models could be 
validated against the tests carried out by Utting and Jones on the 7-wire and 19-wire 
strands. This data is highlighted in Chapter 4 for the 7-wire strand. The strands tested 
by Utting and Jones were 600 mm in length; however, Jiang et al (1999 and 2000) 
only modelled small segments of this length for computational efficiency. For the 7-
wire strand the length of the segment modelled was limited to 5% of the radius of the 
central wire (Rc) which was 0.0985 mm. For the 19-wire strand the length of segment 
modelled was approximately 25 mm. Jiang et al (1999 and 2000) demonstrated that 
these models could predict well both the global and localised response beyond the 
elastic limit including individual wire yielding, plastic flow and wire to wire contact 
pressure.  
 
For more complicated multi-layered spiral strands full 3D elasto-plastic FE models 
taking into account material failure (steel fracture and rupture) must be developed. 
The need of such models becomes more compelling when the cables are subjected to 
highly transient loading conditions such as blast and impact, where the loading 
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condition is unsymmetrical and local material failure dominates cable behaviour and 
longer lengths need to be modelled to accurately capture the response of the strand.  
 
This is picked up further in Chapter 4 were full 3D finite element models of the 7-
wire strand are developed and analysed for comparison against the analytical theory 
of Costello (1978), Utting and Jones (1987) and Jiang et al (1999). Supplementary to 
this, a 60 mm diameter, 120-wire spiral strand is also developed and analysed with the 
results compared to that provided by Bridon for a recent breaking load test on a cable 
of the same specification.  
 
2.3  The Vulnerability of Cable Supported Structures 
Over the last decade there has been a significant focus on the robustness of civil 
infrastructure when subjected to highly transient loading conditions in the form of a 
blast or impact. Robustness, in structural engineering terms, is commonly defined as 
insensitivity to local failure (Starossek, 2007). Accidental or deliberate explosive 
incidents have revealed the vulnerability of building structures to extreme dynamic 
loading. The events that occurred on 11th September 2001 (9/11) are a good example.  
 
Buildings and bridge structures have become a favoured target for attack. They are 
static, valued, and vulnerable. The United States Department of Homeland Security 
identified a dozen possible strikes it viewed as most devastating, two of which draw 
the attention of the present study. The first is the truck bombing of a sports arena and 
the second is the truck bombing of a major bridge (Forrest, 2006). Both have a link in 
terms of their potential use of structural cables in construction. Statistics show that 53 
terrorist attacks were specifically targeted at bridges in the United States between 
1980 and 2000, and 60% of these attacks were bombings (Jenkin and Gernsten, 2001).  
Since many bridges form part of major transport networks, are vital to the local 
economy and are usually landmark structures, their damage or even collapse could 
have catastrophic consequences. The same applies to stadia structures. The 
consequences of an attack at a large sporting event would have both economical and 
sociological implications, needless to say the possibility of mass loss of life.   
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the deck of the bridge. Luckily in that case, there was no disproportionate collapse 
mechanism triggered by the cable loss, mainly due to the design of the bridge and 
thus, there was enough time for its replacement. Another similar cable failure 
occurred on the Mezcarla Bridge in Mexico when after a car accident on the bridge, a 
fire (small triggering event) was initiated causing the failure of one of the bridge’s 
cables. Again, no serious damage was induced at the bridge, but undoubtedly both 
these events have alarmed the structural engineering community regarding the 
vulnerability of cable-stayed bridges.     
 
The small triggering event of concern in the present study is the impact from 
fragmentation travelling at high velocity launched from an explosion. The explosion 
may be accidental or deliberate. An example of an accidental explosion may be that 
resulting from a vehicle collision on a heavily trafficked bridge deck near to a main 
suspension or stay cable (as demonstrated above). There are many forms of deliberate 
explosions, however the threats of concern in the present study are discussed in the 
following section.   
 
2.3.1  The Threat 
The two forms of deliberate explosion that have drawn the focus of this research are 
the Person Borne Improvised Explosive Device (PBIED) and Vehicle Borne 
Improvised Explosive Device (VBIED) which are defined below. 
 
2.3.1.1            Person Borne Improvised Explosive Device (PBIED) 
A PBIED can be defined as an individual wearing explosives and detonating them 
within or close to the desired target. Such devices are sometimes laden with ball 
bearings, glass, nails and/or harmful chemicals or flammable substances to magnify 
the desired outcome.  
 
2.3.1.2            Vehicle Borne Improvised Explosive Device (VBIED)  
A VBIED is an explosive device that is placed in a vehicle which is detonated within 
or close to the desired target. This form of attack is considered to be extreme due to 
the size of the resultant explosion and potential large scale damage that can occur.  
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2.3.1.3            VBIED Case Studies 
A VBIED may come in many forms not just a car bomb. From the buses that are 
commandeered into causing mass accidents in hostile countries (Israel, Iraq and 
Afghanistan) to airliners (Sept. 9/11, New York). Previous attacks using a VBIED 
have typically involved vehicles parked legally and illegally, or parked in a location 
where the vehicle would not be completely out of context (Cormie et al, 2009). An 
example of this was the van used in the Manchester city centre bombing in 1996 or 
the taxi used in the attack on the BBC in London in 2001. In June 2007, an attempt 
was made at Glasgow Airport to ram a vehicle into the terminal building, which 
although not entirely successful, demonstrated the vulnerability of infrastructure to 
hostile vehicle penetrative attacks. The most notable use of a VBIED was the 
Oklahoma City Bombing in April 1995 which claimed the lives of 168 people and 
injured more than 680. The blast destroyed and damaged 324 buildings within a 
sixteen block radius of the site. The bomb was delivered to the site in a box truck 
filled with Home Made Explosives (HME) (Giordano, 2003). Other notable incidents 
where such a device has been employed were the bombings of the World Trade 
Centre in New York in 1993 and the IRA bombings at 30 St Mary Axe in the City of 
London in 1992.  
 
2.3.1.4            BATF VBIED Classification 
A VBIED is a common form of terrorist attack method, to such an extent, the U.S. 
Bureau of Alcohol, Tobacco and Firearms (BATF), who coincidently were one of the 
occupants of the Alfred P. Murrah Building, have published a table that presents the 
relative size and effective range of various types of VBIED as shown in Fig. 2.18. 
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Fig. 2.18 BATF Explosive Standards (Morgenstern, 2009) 
 
2.3.2  Stand-off Distance 
Stand-off distance is typically defined as the distance between the explosion and the 
object of concern (Cormie et al, 2009). In the case of the present study the object is 
the cables of a cable supported structure. As stand-off distance increases, blast 
pressure, and more relevant to the present study, fragmentation velocity reduce 
significantly. Therefore a common goal in protective design is to put as much distance 
as possible between the object of concern and the potential explosion. However, 
distance is not always a controllable parameter. Traditionally, stand-off distance was 
defined on the assumption that the detonation will occur at a particular distance from 
the target, e.g. at the kerb edge in a city centre location. The recent trend towards 
VBIED attacks is to get the device as close as possible to the target. An example of 
this would be parking the vehicle at the entrance of a building or even driving the 
vehicle at the target as was attempted in Glasgow in 2007. However, it is possible to 
take measures that would prevent vehicle incursion to maintain the required stand-off 
distance. This may be achieved through the incorporation of vehicle barriers into the 
landscaping around the object, such as level changes, steps, walls and hardened street 
furnishings as shown in Fig. 2.19.  
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Fig. 2.19 Architectural wall, Emirates Stadium (Cormie et al, 2009) 
 
Passive (fixed) vehicle barriers such as concrete planters and bollards, and active 
(operable) vehicle barriers such as bollards, blockers and gates may be considered as 
shown in Fig. 2.20. Such systems are designed to absorb the energy transferred on 
impact.  
 
Keeping VBIED threats as far away from a structure as possible is probably the 
single, most cost-effective option which can be employed (Cormie et al, 2009). This is 
termed as hostile vehicle mitigation (HVM).  
 
 
Fig. 2.20 Vehicle bollards at St Pancras International Station 
 
When considering a cable supported bridge structure as shown in Fig. 2.21, stand-off 
distance is limited to the distance between the road deck and the cable(s) which are 
often separated by cycle and public pathways which are only 2-3 m wide.   
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Fig. 2.21 Minimal stand-off to cables on bridge structure 
 
There are also other instances where there is a limited stand-off distance for other 
forms of cable supported structures as evidenced in Fig. 2.22 and 2.23. 
 
Fig. 2.22 Minimal stand-off to cables on canopy structure 
 
Fig. 2.22 shows a canopy structure in which the canopy anchoring cables are easily 
accessible to both a PBIED and VBIED attack.  
 
Stand-off 
Stand-off 
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Fig. 2.23 Minimal stand-off to main support cables for stadia roof 
 
As can be seen from the images in Fig. 2.23, the cable stay terminations are easily 
accessible to the public and hence a PBIED type attack. The street furniture that 
surrounds each of the anchorage points (that the public are sitting on) provides 
minimal stand-off should a vehicle get close enough. The structures highlighted here 
may have been designed for such a scenario and are used here only to highlight the 
concept of stand-off distance in relation to cable supported structures. 
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2.4 Cables Subjected to Transverse Impact Loading  
There has been minimal research into the behaviour of cables when subjected to an 
impact perpendicular to the direction in which the cable is held in position 
(longitudinal axis). The closest possible scenarios would be the use of cables for 
aircraft arrest systems on naval carrier flight decks and specialised vehicle barrier 
systems located on the central reservation of a highway or surrounding a sensitive 
target such as a nuclear facility or chemical plant. Both are briefly discussed below.  
 
2.4.1 Cable Arrest Systems on Naval Carrier Flight Decks   
Current naval carriers have a number of cables stretched across the deck to bring the 
aircraft to a halt on landing (Fig. 2.24).  
 
 
Fig. 2.24 Aircraft cable-arrest system on naval carrier (Mikhaluk et al, 2009) 
` 
This is achieved when the aircraft’s tail hook catches the cables which are threaded 
between systems of blocks that form a block and tackle mechanism designed to 
transfer the jet fighter pull to the hydraulic braking machine below deck. The kinetic 
energy of the jet is transferred to heat and then dissipated (Mikhaluk et al, 2009). 
Deck arrest systems are typically designed for jet fighters of masses 10-25 tons with 
landing velocities not exceeding 150 mph (68 m/s).   
 
2.4.2 Cable Barrier Systems for Vehicle Arrest 
A cable barrier system consists of three or four wire ropes mounted on cable bollard 
anchor posts and secured at intermediate locations with weak line posts (Bjorkman 
and Harris, 1998). The primary purpose of the system is to either stop vehicles leaving 
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the highway as is the case when used on a central reservation (Fig. 2.25a) or to stop 
vehicles penetrating a boundary in which a sensitive target is located (hostile vehicle 
mitigation) (Fig. 2.25b). This is achieved when the kinetic energy of the vehicle is 
converted into elasto-plastic strain energy through stretching of the cables until 
vehicle arrest or vehicle deflection is achieved. 
 
(a) (Bateman et al, 2001) (b) (Bjorkman and Harris, 1998) 
Fig. 2.25 Typical cable barrier systems 
 
Both of the above are examples where cables have been used in direct transverse 
impact situations. However, the impact characteristics are quite different to what is 
being considered in the present study. Both of the above are large mass-slow velocity 
impacts, whereas the present study is concerned with small mass-high velocity 
impact. In both cases highlighted above, the cables are greatly displaced at the point 
and time of impact and permitted to translate with the impacting object (aircraft or 
vehicle) until equilibrium is achieved at the cable ends. Such translation is the result 
of a lack of tension in the cables coupled with translating cable-end boundary 
conditions. In such impact scenarios, the boundary conditions play an important role 
because the duration of the event is relatively slow. This allows the cables to respond 
globally during the process of impact.  
 
According to Zukas et al (1982), in the low impact velocity regime of less than 250 
m/s many problems fall into the area of structural dynamics were local indentations or 
penetrations are strongly coupled to the overall deformation of the structure. This is 
true of the impact scenarios highlighted above. At higher velocities, the global 
response of the structure becomes secondary to the behaviour of the material within a 
small region known as the impact zone. The latter is applicable in the present study 
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given both the fragment mass and velocities being considered coupled with the 
distance to the cable end boundary conditions (terminations). This is especially true 
for the cables used on the type of structures highlighted in Fig. 2.1 which are in most 
cases greater than 5 m in length.  
 
2.5 Cables Subjected to Dynamic Axial Loading 
Cables and their associated termination systems are typically designed to 
accommodate both static and dynamic axial loading with the term dynamic being 
related to wind, seismic or other dynamically induced axial forces. The response and 
behaviour of both wire rope and multi-layer strand cables has been researched on 
topics such as fatigue performance, rain-wind induced coupled vibrations, coupled 
extensional and torsional response. These are sufficiently covered by Hobbs and 
Raoof (1996). However there is very little data available regarding the response of 
structural cables to high strain rate dynamic axial loading, the sort that may be 
experienced in the event of a blast or sudden cable loss scenario.  
 
2.5.2 Health and Safety Lab Research Report 467  
The Health and Safety Laboratory (HSL) published a report on the evaluation of 
performance deterioration in compacted strand wire ropes (McCann, 2006). The 
investigation was commissioned in response to previous work by Reading University, 
to evaluate the fatigue performance of galvanised compacted wire rope strand. The 
research identified a potential deterioration in the mechanical properties of the rope 
over time which occurred regardless of whether the rope was in service or storage 
during the time period. The HSL were requested by the Offshore Safety Division 
(OSD) of the Health and Safety Executive (HSE), to evaluate the extent of this 
problem. This investigation involved two sizes of rope, 25 mm and 32 mm diameter 
subjected to both dynamic and static loading. Samples from each rope diameter were 
tested at measured time intervals and consisted of static and dynamic axial load tests. 
The static tests were similar to those carried out by cable manufacturers where a 
uniaxial quasi-static axial load is applied to the rope at one end on a test bed. The 
dynamic tests involved a sloping impact track to accelerate free rolling impact trucks, 
running on a set of rails (Fig. 2.26). 
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Fig. 2.26 Impact track facility (McCann, 2006) 
 
The test used a single hammer truck, weighing 5500 kg, which houses catcher plates 
that pick up a compatible catcher plate fitted to the free end of a rope specimen. The 
other end of the rope was connected to a fixed mounting point between the inner rails 
of the track. This mounting point contained an integral 1500 kN shear pin type load 
cell. Dynamic axial load was induced in the rope as the truck passes over the rope 
(Fig. 2.27) and picks up the catcher plate attached to the free end of the rope 
specimen.  
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(a) Before release 
 
(b) After release 
Fig. 2.27 Schematic illustration of dynamic load test (McCann, 2006)  
 
The main findings of the tests will not be discussed here as they are beyond the scope 
of the present study. However, two interesting observations were made from the 
testing which require highlighting as they are relevant to the robustness of cable 
supported structures in the event of a blast or high velocity impact. 
 
The first observation was that failure occurred in the socket terminations during the 
dynamic axial load tests. The failures occurred at loads substantially below the 
expected breaking loads of both the rope and socket. Failure was characterised by a 
longitudinal split from the narrow end (or mouth) of the socket (Fig. 2.28). In many 
cases, the resin cone was completely fragmented and the end of the wire rope was 
fully released. 
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Fig. 2.28 Failed socket and ejected fragment (McCann, 2006) 
 
From metallurgical examinations, the fractures generally appeared to have initiated at 
a surface defect originating from manufacture. The shape of the defect indicated that 
it may have been a forging lap. The sockets failed from a single stage overload. 
Measurements taken around the circumference of the narrow end revealed a variation 
in wall thickness between 6.5 mm and 13 mm hence inducing non-concentric forces 
into the socket. Macroscopic features on the fracture surface indicated that failure 
initiated near the outer wall of the sockets close to the socket mouth. It is highlighted 
in the report that this corresponded with the positions of three potential initiators; the 
position of minimum wall thickness, a circumferential internal socket groove and the 
external manufacturer’s stamp. Hardness tests were carried out on the sockets and 
hardness values were consistent with observed microstructures. The equivalent tensile 
strengths calculated from these tests exceeded the minimum requirement. Tensile tests 
were also conducted on test specimens removed longitudinally from the body of the 
sockets. The specimens exceeded the tensile strength and elongation requirements.  
During static loading there was no significant socket damage and failure always 
occurred in the body of the rope. This fits well with technical literature provided by 
cable manufacturers for their sockets in which they commonly state “the cable would 
fail before the termination yields”. It would appear that this may be the case only for 
quasi-static axial load (not dynamic).  
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The second observation was related to the dynamic axial response of the cables 
themselves. Generally at 0 months the peak static and dynamic load to failure was 
higher than those at 38 months (after deterioration) as would be expected. However 
before allowing the onset of deterioration, dynamic tests produced a peak failure load 
well below the peak loads measured during static testing. This trend was not 
consistent and in some cases the peak load to failure was higher in the dynamic tests 
than the static tests. From this it is unclear whether or not the ropes tested were 
sensitive to strain rates and further research is required to determine whether there are 
any apparent strength increases in structural cables when subjected to dynamic high 
strain rate axial loads. 
 
Consideration to both of the above would be required when looking at the effects of 
dynamic axial loading in the event of a blast and possible subsequent sudden cable 
loss. The topic of sudden cable loss is discussed further later in this chapter. 
 
2.6 Blast Fragmentation 
The dilemma associated with the types of explosion being considered here is the lack 
of data or information available in open literature regarding fragmentation. Very little 
is published on characteristics such as fragment velocity, shape, mass, strength, 
hardness, softness, strain rate behaviour etc especially for the types of explosion of 
concern in the present study (VBIED or PBIED).  
 
2.6.1 UFC 3-340-02  
UFC 3-340-02 (US Army Corps of Engineers, 2008) classifies fragments into two 
categories which are briefly described below. 
 
2.6.1.1 Primary Fragments 
Primary fragments are from a casing or container of an explosive source or a fragment 
from an object in contact with the explosive. UFC 3-340-02 states that if the source is 
a true high explosive material (Smith et al, 1994) then fragments can be deployed at 
velocities up to several thousand feet per second. 
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2.6.1.2 Secondary Fragments 
Secondary fragments are those produced due to blast wave interaction with objects or 
structures located near to the explosive source, in the case of a VBIED this could be 
the fragmentation of the vehicle itself (break-up debris). However, this is debatable 
because the distance between the explosive and the structure of the surrounding 
vehicle may be negligible and therefore the vehicle fragmentation could be classed as 
primary. 
 
The critical factor which distinguishes primary fragments from secondary fragments 
is whether or not the explosive is actually in contact with the container from which 
the fragmentation is generated. If in contact, then UFC 3-340-02 provides analytical 
solutions to derive the initial velocity, fragment mass distribution, fragment shape and 
density. The solutions are directly related to both the geometrical and metallurgical 
properties of the casing itself based on military testing on cased explosives. Fragment 
velocity, whether primary or secondary, varies with distance from an explosion. 
Therefore the further the explosive is from the object the lesser the impact velocity. 
This is a result of fragment mass, shape, air resistance and blast wave interaction. 
UFC 3-340-02 provides a simple analytical solution for deriving the initial velocity of 
primary fragments. The solution assumes the fragmentation travels only in the 
horizontal direction from the source but takes account of air resistance. 
 
2.6.2 Projectiles 
According to Zukas et al, (1982), any item capable of being launched is termed a 
‘projectile’; therefore fragments deployed from the types of explosion of concern in 
the present study are classed as such. Projectiles are normally categorised as soft, 
semi-hard or hard depending on the material used, the degree of nose deformation, 
and the coupling between the target deformation and impact loading. Fig. 2.29 shows 
some commonly occurring projectiles, both military and non-military. 
 
The fragmentation deployed from a PBIED or VBIED could come in the form of 
regular solids (nuts, bolts, ball-bearings) and irregular fragments (vehicle skin and 
thin steel sections of the body) (Fig. 2.29). 
 
Chapter Two: Literature Review 
 
43 
 
 
Fig. 2.29 Examples of projectiles (Zukas et al, 1982) 
 
2.6.3 Fragment Simulating Projectile (FSP) (Appendix B) 
At the outset of the present study there was very little information available regarding 
the characteristics of fragmentation deployed from a VBIED or PBIED. This was 
based on detailed (un-documented) discussions with the Centre of Protection for 
National Infrastructure (CPNI, UK) and Defence Science and Technology Laboratory 
(DSTL, UK) based on their ongoing field tests to characterise VBIED fragmentation. 
Data from the testing was unavailable at the time of those discussions and was only 
made available 2.5 years into the project. Therefore, working with Prof. Ian Horsfall 
of Cranfield University a decision was made to use the 20 mm fragment simulating 
projectile (FSP) (Army Research Laboratory, 2008) for the experimental testing 
carried out at Bashforth Labs, Cranfield University highlighted in Chapter 5 and 
detailed numerical analysis highlighted in Chapter 6.  
 
Fragment simulating projectiles are often used in ballistics testing to assess the 
performance of armour systems when subjected to projectile impact. They are 
manufactured from cold worked annealed steel conforming to 4337H, 4340H or 
equivalent and have a hardness value HRC 30±2. The mass of the 20 mm FSP is 
calibrated during the manufacturing process to be 53.78 g ± 0.26 g. They are designed 
to simulate the fragments which might be generated by an explosive device such as an 
artillery shell. They were considered in the present study to be a sensible 
representative of the harder fragments (nuts, bolts, buckles and door locking 
mechanisms) which may be launched from a VBIED. Their use provides a 
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reproducible impact at a selected site on a target rather than the variable geometry and 
placement of fragments that would result from a real explosive device. The full 
military specification for the 20 mm FSP can be found in Appendix B and the 
geometrical details are highlighted in Fig. 2.30 and 2.31.   
 
 
Fig. 2.30 Schematic of 20 mm FSP (Army Research Laboratory, 2008 (Appendix B) 
 
Fig. 2.31 Images of 20 mm FSP (images taken at Shrivenham, 2010) 
 
The projectiles are calibrated against field tests in which the fragments generated from 
a detonated shell casing are collected and their geometry and mass are recorded along 
with the damage they induced into carefully positioned steel plates placed around the 
shell casing. Their geometry and mass are then compared to that of the FSP for 
physical characterisation. The damage induced in the surrounding plates is compared 
20 mm 
20 mm 
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to that induced in a plate from an FSP fired from a gun within a test range. The 
velocity at which it is fired is based on the tracked velocity of the free-flying 
fragmentation of the detonated shell casing.  
 
Some comparative images of penetrative damage to a steel plate are shown in Fig. 
2.32 for (a) real fragments launched from a shell casing and from (b) FSP’s that have 
been fired at a plate on a firing range. The details of which are restricted. 
 
  
(a) (b) 
Fig. 2.32 (a) real fragment strikes (b) FSP strikes 
 
2.6.4 Real VBIED Fragmentation Data 
As highlighted above, data on real fragmentation launched from a VBIED was 
received from DSTL 2.5 years into the research programme. The details of the testing 
cannot be discussed here but the data provided can be. The data is for ‘vehicle skin’ 
fragmentation which is in essence the body of the vehicle such as the bonnet, doors, 
and roof plate etc. Large mass elements such as the engine block and gear box tend to 
be projected forward (in front of the vehicle) along the ground at slower velocities 
than the skin fragments but could possibly do significantly more damage when in very 
close proximity to a structure. Such elements have not been considered in the present 
study; however this is a potential area for further research. The number, mass, 
geometry and velocity of fragments generated from a VBIED can vary considerably 
as highlighted in Table 2.2. This table presents the numbers of fragments expected in 
logarithmic mass bins between 1 g and 263 kg.  
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Table 2.2 Expected number of fragments in logarithmic mass bins 
 
Bin mass min (kg) 
 
Bin mass mass (kg) Number 
0.001 0.002 9669 
0.002 0.004 5553 
0.004 0.008 3190 
0.008 0.016 1832 
0.016 0.032 1052 
0.032 0.064 604 
0.064 0.128 347 
0.128 0.256 199 
0.256 0.512 114 
0.512 1.024 66 
1.024 2.048 38 
2.048 4.096 22 
4.096 8.192 12 
8.192 16.384 7 
16.384 32.768 4 
32.768 65.536 2 
65.536 131.072 1 
131.072 262.144 1 
 
From the table there are many small mass fragments generated. Based on discussions 
with DSTL these small fragments travel at the greatest velocities. The two larger 
fragments highlighted at the foot of the table are possibly the engine block and gear 
box.  
 
Table 2.3 presents the masses of eight representative fragments which have been 
tracked using High Speed Video (HSV) techniques. These were chosen from data 
presented by DSTL.  
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Table 2.3 Masses of seven representative fragments 
 
Fragment 
  
 
Mass (kg) 
A 0.017 
B 0.005 
D 0.009 
E 0.005 
F 0.017 
G 0.033 
H 0.027 
I 0.026 
 
The mass of the FSP discussed above is approximately double the mass of the largest 
representative fragment (G in Table 3).  
 
Fig. 2.33-2.40 shows the geometry of each of the fragments with a reference 
dimension to indicate scale. The thickness of each fragment was not provided; 
however it was confirmed by DSTL that it can vary and is not uniform. For simplicity 
an estimation of the thickness has been made based on the surface area of the 
fragments. It assumes a uniform thickness for each which is incorrect; however it 
provides a basis for modelling in Chapter 6. This is highlighted in Table 2.4.  As is 
shown, it is very likely that all of the fragments are less than 5 mm in thickness. 
 
Table 2.4 Estimated fragment thickness for seven representative fragments 
 
Fragment 
 
Surface Area (m2) Mass (kg) 
Estimated uniform 
thickness (mm) 
A 0.001210 0.017 1.80 
B 0.000465 0.005 1.35 
D 0.000475 0.009 2.05 
E 0.000790 0.005 1.35 
F 0.001930 0.017 2.75 
G 0.003700 0.033 2.20 
H 0.000933 0.027 3.70 
I 0.001041 0.026 3.20 
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Fig. 2.33 Fragment A 
 
Fig. 2.34a Part of Fragment B 
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Fig. 2.34b Part of Fragment B 
 
 
 
Fig. 2.35 Fragment D 
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Fig. 2.36 Fragment E 
 
 
 
Fig. 2.37 Fragment F 
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Fig. 2.38 Fragment G 
 
Fig. 2.39 Fragment H 
 
Fig. 2.40 Fragment I 
 
Chapter Two: Literature Review 
 
52 
 
The idealised time-displacements of the fragments were also provided in tabular form. 
These have been transferred into graphical form and are shown in Fig. 2.41. Each of 
the fragments was captured between 20 and 25 m away from the source of the 
explosion, hence the data cut-off points are between 20 and 25 on vertical x-axis.  
 
 
Fig. 2.41 Fragment displacement from source vs time 
 
Supplementary to Fig. 2.41 velocity-time data was also provided (Fig. 2.42). The 
maximum initial deployment velocity was approximately 2,665 m/s for Fragment H. 
The lowest initial deployment velocity was for fragment A at approximately 1,525 
m/s. This was much lower than all other fragments which have deployment velocities 
which lie between 2000 – 2500 m/s.  
 
Fig. 2.43 shows the velocity of each fragment reducing with distance from the source 
of the explosion. This attenuation appears to be linear for all fragments up until about 
13 m from the source at which point the velocity appears to increase in some 
instances and level out in others and then drop-off again after 17 m. This occurs for 
all fragments apart from A, B and E which display linear reductions all the way 
through to around 22 m when they were captured. Based on informal discussions with 
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DSTL this appears to be a result of the way in which the frame-by-frame fragment 
displacement-time data has been explicitly integrated to derive velocity-time curves. 
Further discussions are ongoing with DSTL regarding this as the testing progresses.  
 
 
Fig. 2.42 Fragment velocity vs time 
 
The stand-off distances have been overlaid onto Fig. 2.43 for reference. At 5 m from 
the source the velocities range from 1350 m/s to 1900 m/s, however, with the 
exception of fragment A, all fragments were travelling greater than 1500 m/s. At 10 m 
from the source, the velocity range was 720 m/s to 1350 m/s which falls within the 
range of that considered in the present study. Further research is required to consider 
velocities outside of this range.   
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and modelling (Corbett et al, 1996). Borvik et al (2003) highlights how the 
complexity of impact and penetration problems, especially if dynamic material 
behaviour and fracture are to be taken into account, limits the use of closed-form 
analytical solutions. According to Zukas et al (1982) a complete description of the 
dynamics of impacting bodies would demand that account be taken of the following 
variables: 
 
 Geometry of the impacting bodies 
 Elasticity and plasticity of the interacting bodies 
 Shockwave propagation 
 Hydrodynamic material flow 
 Finite strains 
 Deformations 
 Work hardening 
 Thermal and frictional effects 
 Initiation and propagation of failure 
 
The theoretical approaches to the problem seem to fall into one of the following 
categories: (1) empirical equations based on curve fits to experimental results, (2) 
analytical models giving simplified solutions to the problem by assuming certain 
predominant physical effects, and (3) numerical simulations where conservation 
equations are integrated over successive time increments at all points in an element 
mesh. However, in recent review papers by Goldsmith (1999), Scheffler and Zukas 
(2000) and Zukas and Scheffler (2000) it is noted that all approaches require robust 
validation against reliable experimental data. Borvik et al (2003) provides a 
comprehensive review of the empirical and analytical models available with worked 
examples, however they are considered to be non-applicable to the present study. 
  
This section of the chapter highlights some of the key physical variables which 
influence the response of a target to high velocity impact based on previous 
experimental observations. Key parameters for numerical modelling are discussed in 
Chapter 3.     
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2.7.1 Target Classification 
According to Backman and Goldsmith (1978) a target may be classified as: 
 
 Semi-infinite – when there is no influence on the distal boundary on the 
penetration process. 
 Thick – when there is influence of the distal boundary only after substantial 
travel of the projectile into the target. 
 Intermediate – when the rear surface exerts considerable influence on the 
deformation process during nearly all of the penetrator motion. 
 Thin – when the stress and deformation gradients throughout the thickness do 
not exist. 
 
In the case of a FSP impacting a cable, the projectile is considered to be small with 
respect to the target length and thus the global boundary conditions are considered to 
be of little importance. However, the diameter of the cables of concern in the present 
study (> 50 mm) is of the same order as the projectile size (20 mm). Given the 
velocities considered in the present study, the cable is considered to be ‘thick’ and 
there will only be influence on the distal boundary only after substantial travel of the 
projectile into the target. 
 
2.7.2 Perforation, Penetration, Embedment and Ricochet 
A fragment may do any of the following on impact in accordance with Backman and 
Goldsmith (1978): 
 
 Penetrate - entry of the fragment into any region of the target without 
perforation. 
 Perforate - the fragment passes through the target. 
 Containment or embedment – the fragment is stopped during contact with the 
target. 
 Ricochet or rebound – the fragment is deflected from the target. 
 
For very thick targets cratering tends to occurs (no perforation) as highlighted in Fig. 
2.48 for very thick steel plates. The actual mechanism will depend on such variables 
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as material properties, impact velocity, projectile shape, method of target support 
(boundary conditions) and relative dimensions of projectile and target (Zukas et al, 
1982). Some of the most common failure modes for thin and intermediate thickness 
targets are shown in Fig. 2.44. Although one of these may dominate the failure 
process, they will frequently be accompanied by several other failure modes (Zukas et 
al, 1982). For ductile materials, ductile hole growth, plugging and petalling are the 
governing failure mechanisms.     
  
Fig. 2.44 The most common failure modes in impacted plates (Zukas et al, 1982). 
 
2.7.3 Impact Velocity 
According to Zukas (1982), in the low impact velocity regime of less than 250 m/s 
many problems fall into the area of structural dynamics where local indentations or 
penetrations are strongly coupled to the overall deformation of the structure. At 
striking velocities of above 500 m/s the response of the structure becomes secondary 
to the behaviour of the material within the impact zone. Further increases in impact 
velocity of say 2000 – 3000 m/s result in localised pressures that exceed the strength 
of the colliding materials by an order of magnitude. At this velocity range both the 
projectile and target material are treated as fluids. This is known as the hydro-
dynamic impact regime. Above this is the ultra-high velocity range which is typically 
greater than 12000 m/s. This is known as the vaporisation regime.  
 
The velocities were nicely characterised by Dey (2004) with reference to induced 
strain rates in the target on impact, material response and application. This is 
reproduced here for reference in Table 2.5. 
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Table 2.5 Terminal ballistics ranges in velocity and strain rate (Dey, 2004) 
Velocity Regime 
Strain rate  
(s-1) 
Effect on material Application 
 
Low velocity 
0 – 50m/s 
 
< 10 
- primary elastic 
- some local plasticity 
- dropped object 
- vehicle impact 
- ship collisions 
- crashworthiness of 
containers  
 
Sub-ordnance 
50 – 500 m/s 
 
10 - 104 - primarily plastic 
- design for nuclear 
containment 
- free-falling bombs and 
missiles  
- fragments due to 
accidental explosions 
 
Ordnance 
500 – 1300 m/s 
 
103 - 104 
- viscous material 
- strength still significant  
- military applications 
- military projectiles like 
bullets, missiles 
- high kinetic energy 
penetrators with/without 
explosives 
 
Ultra-ordnance 
1300 – 3000 m/s 
 
104 – 106 
- fluid behaviour in materials 
- pressures approach/exceed 
material strength  
- material density significant 
- warhead fragments 
- rocket burst 
penetrators 
 
Hypervelocity 
3000 – 12000 m/s 
> 12000 m/s 
 
106 – 108 
- hydrodynamic material 
- compressibility 
- vaporisation 
- space vessels exposed 
to meteoroid impact and 
space debris 
 
2.7.4 The Ballistic Limit 
A commonly used measure of a target’s ability to withstand projectile impact is the 
ballistic limit. According to Corbett et al (1996) the ballistic limit of a structure is the 
greatest velocity the structure can withstand without perforation occurring. The 
ballistic limit is also termed as the critical impact velocity. This is mentioned here as 
it relates to a number of factors which influence how a target responds to impact. As 
highlighted by Dey (2004) the most important parameters affecting the ballistic 
capacity of a target seem to be the projectile (size, shape, density and hardness) and 
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target (hardness/strength, ductility, microstructure and thickness) coupled with the 
actual conditions of impact (such as impact velocity, angle of attack and projectile 
altitude).  
 
2.7.5 The Effects of Projectile Shape 
In the problem of stationary targets impacted by explosively generated fragments at 
sub-ordnance velocity it is assumed that the nose shape of hard projectiles 
significantly affects the response of the structure. Here, blunt-nosed projectiles 
normally cause failure by shear plugging, conical projectiles tend to give petalling in 
thin plates and ductile hole enlargement in thicker plates, while hemispherical 
projectiles seem to give failure by tensile stretching after severe indentation and 
thinning of the target plate (Backman and Goldsmith, 1978). However, as pointed out 
by Woodward (1984) in many cases mixed modes of failure appear as a result 
anisotropy in the target material at fracture. Borvik et al (2002a) highlights a great 
deal of contradictory results in the open literature relating to projectile impact on steel 
plates which indicate that the influence of projectile nose shape is controlled by many 
parameters which vary from one investigation to the other and in one sense are 
investigation dependent. To that end Borvik et al (2002a and 2002b) presented a robust 
study on the penetration of 12 mm thick Weldox 460 steel plates by blunt, 
hemispherical and conical nosed projectiles. The hemispherical and conical projectiles 
gave a ballistic limit velocity of 300 m/s (hence performing better). Fig. 2.45 shows 
the different perforation mechanisms for each nose shape. 
 
   
(a) Blunt (b) Hemispherical (c) Conical 
Fig. 2.45 Perforation details for different projectile noses (Borvik et al, 2002a) 
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2.7.6 The Effects of Projectile Strength  
Grabarek (1973) conducted a series of projectile impact tests on steel plates having 
differing thicknesses. The first of which was an armour plate with a Brinell hardness 
of 280HB and a thickness of 6.35 mm subjected to long rod impact. The rods were 
manufactured from steel with differing Brinell hardness values of 200HB, 285HB, 
and 600HB. All projectiles were fired at the same velocity. The tests showed that the 
rod of 200HB hardness remained intact after target perforation but suffered 
considerable plastic deformation on impact, losing 7% of its mass during transition 
through the plate. The rod with a hardness of 285HB suffered less deformation 
however it lost 28% of its mass. The 600HB rod suffered very little deformation but 
severely broke up during penetration; however it had the highest residual velocity 
when leaving the rear of the plate. Grabarek conducted other tests using thicker plates 
of up 76 mm. The result of which was that none of the rods managed to perforate the 
plate. The softest rod suffered extreme plastic deformation whilst the harder rod did 
not deform at all but had deeper penetration. The conclusion of this study was that by 
increasing the hardness of the projectile enabled the ballistic limit of the target to be 
reduced. 
 
As highlighted by Chen et al (2008) most investigations of the perforation of steel 
plates have concentrated on harder (i.e. higher strength/hardness) projectiles 
impacting softer (i.e. lower strength/harder) metal plates (Borvik et al 1999, 2001, 
2002a and 2002b), (Chen and Li, 2003a and 2003b) and Dey (2004). Relatively few 
papers deal with soft projectiles striking harder targets. In work carried out by Chen et 
al (2008), projectiles of lesser strength were fired at target plates of higher strength. 
With increasing impact velocities different complex failure modes were observed in 
the same type of projectile. These failure modes were namely Taylor mushrooming 
(200 m/s to 400 m/s) with no perforation, sunflower-like-petalling (400 – 700 m/s) 
with no perforation and plugging perforation (700 – 800 m/s) with perforation and 
large mass loss in the projectile. Fig. 2.46 shows the different types of projectile 
failures observed. 
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(a) Taylor 
mushrooming 
(b) Sunflower petalling (c) Plugging 
Fig. 2.46 Different ‘soft’ projectile failure modes (Chen et al, 2008) 
 
The conclusion here was that with projectiles that are softer than the target material, 
complex failure modes develop in the projectile and resulting penetration and 
perforation of the target which are difficult to predict in comparison to known 
mechanics of harder projectiles impacting softer targets. 
 
2.7.7 The Effects of Target Strength  
Literature relating the effect of target hardness to ballistic performance is limited. Dey 
(2004) highlights that although most empirical models (Backman and Goldsmith, 
1978 and Corbett et al, 1996) indicate that there is a monotonic increase in capacity 
for increasing target hardness, results from other studies show it is not always the 
case. Manganello and Abbot (1972) studied perforation of homogeneous armour 
steels impacted by ogival-nosed projectiles. The results indicated that when the 
hardness of the plate increased the ballistic limit increased but only up to a certain 
hardness level. Beyond this limit, when the failure is dominated by adiabatic shear, 
the ballistic limit velocity decreased for increasing hardness. However, for even 
higher hardness, were the projectiles fractured during impact, the resistance to 
perforation again increased with hardness. Furthermore, the studies showed that the 
ballistic behaviour was affected by the target composition, heat treatment, and 
microstructure and processing history.  
 
Wingrove and Wulf (1973) carried out an investigation on how the penetration 
process is affected by the microstructure and hardness of both the target and 
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projectile. Two different micro structural conditions were used during the study on the 
target hardness; one consisted of a homogenous martensitic micro structure, while the 
other consisted of a martensite and ferrite. For both sets of targets there was an initial 
rise in critical velocity to a peak and then a decrease at the higher hardness values. In 
addition, results for both sets showed that when the target hardness was increased a 
corresponding decrease occurred in the width of the shear zone of the target. This was 
accompanied by an increase in penetration resistance. They explained that the 
increase in material strength must have been sufficient to offset the shear zone effect 
and thus require higher energy for shearing.     
 
2.7.8 The Effects of Target Thickness 
Borvik et al (2003) details the experimental results of nearly 100 projectile impact 
tests in which blunt-nosed projectiles are fired at Weldox 460 E steel plates. The only 
variables considered in the testing were the initial velocity and target plate thickness. 
The projectile physical and mechanical characteristics were fixed. The projectile 
velocity ranges considered were 100 – 500 m/s impacting plates of varying thickness 
ranging from 6 – 30 mm. For targets with thicknesses of 20 mm or more, the 
projectile was severely damaged. The projectile shattered at impact in most of the 
tests using 25 or 30 mm thick targets, independent of velocity. It was found that it was 
not possible to perforate any of the 25 or 30 mm thick targets with the type of 
projectile used in the study (20 mm diameter x 80 mm cylinder of Arne tool steel). 
The ballistic limit velocities obtained from the testing are shown in Fig. 2.47. 
 
 
Fig. 2.47 Ballistic limit velocity versus target thickness (Borvik et al, 2003) 
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Borvik et al (2003) highlights that while the permanent target deformation is almost 
twice the target thickness for a 6 mm target, it is hardly measurable for a 16 mm thick 
plate. It was found that in the thin plates, both localised bulging and global structural 
deformations take place. It was assumed that the global deformation mode absorbs a 
considerable amount of the projectile’s kinetic energy during impact. In the thick 
plates hardly any global target deformation is measured and most of the projectile’s 
kinetic energy must be absorbed in the highly localised shear zones surrounding the 
projectile. Some cross-sections of perforated targets close to their ballistic limit are 
shown in Fig. 2.48   
  
     
 
Fig. 2.48 Cross-sections of perforated and penetrated targets of varying thickness  
(Borvik et al, 2003) 
 
The outcome of Borvik et al’s work demonstrates that increasing the target thickness 
increases the ballistic limit of the target as more material is placed in front of the 
projectile resulting in different degradation of the projectiles performance and in some 
cases a total obliteration of the projectile.  
 
2.7.9 The Effects of Impact Angle and Offset 
In reality a projectile almost never strikes a target with zero yaw and obliquity (Smith 
et al, 1994). The penetration and perforation resistance of various targets are generally 
measured at normal i.e. 0° angle of impact. However, as highlighted by Jena et al 
(2010) materials show significant changes in performance with increase in the angle 
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of impact. Typically, with an increase in the angle of impact the resistance of a 
material to projectile impact increases until at some angle of impact ricochet of the 
projectile takes place, therefore the angle of impact degrades the performance of a 
projectile. This is no different to skimming stones on the surface of water and thus is a 
well known phenomenon. From a protective structures point of view, observations 
show that inclining a protective plate of material with respect to the threat trajectory 
improves its effectiveness in two ways. First, the inclination of the target results in 
more material being placed in the path of the projectile (Fig. 2.49 in the context of the 
present study). Second, because the projectile strikes an inclined surface, its path is 
disrupted and it follows a less energetically efficient path through the target. 
 
 
Fig. 2.49 Projectile angle of impact on target (structural cable) 
 
Jena et al (2010) highlights that this phenomenon has received significant attention in 
several studies considering different types of amour plates and munitions in a military 
context and a comprehensive review of such literature can be found in their paper. 
Some of the results of Jena et al’s work are highlighted to merely demonstrate the 
physical and metallurgical effect of varying projectile impact angles. In their study 
they considered 14 mm aluminium (AI-7017) impacted by non-deformable projectiles 
fired from a small arms rifle. The various impact angles were 0°, 15°, 30°, 45°, 50° 
and 55°. The projectiles were 7.62 mm in diameter and made from a hard steel alloy, 
hence they were considered to be non-deformable when compared to the strength of 
the target material. The impact velocity considered was approximately 840 m/s. 
Following impact and penetration, the targets were cut in half to show the penetration 
Chapter Two: Literature Review 
 
65 
 
channel. Fig. 2.50 shows the front face damage patterns induced at all angles of 
impact and Fig. 2.51 shows the rear face damage patterns. 
  
 
Fig. 2.50 Front face of target plates after projectile impact at (a) 0° (b) 15° (c) 30° (d) 
45° (e) 50° (f) 55° (Jena et al, 2010) 
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Fig. 2.51 Rear face of target plates after projectile impact at (a) 0° (b) 15° (c) 30° (d) 
45° (e) 50° (f) 55° (Jena et al, 2010) 
 
What is seen from these images is that up to a 30° impact angle the material on the 
front face (impacted face) flows out to form a petalling damage pattern (Fig. 2.50). 
Beyond 30º a gauging damage pattern is observed, the extent of which increased with 
impact angle. In terms of the rear face (Fig. 2.51) a plugging and scabbing type of 
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damage was observed up to an impact angle of 30º. However the extent of the 
scabbing was nonexistent beyond a 30º impact angle.  
 
 
Fig. 2.52 Cut view of the mid penetration channel for each angle of impact (a) 0° (b) 
15° (c) 30° (d) 45° (e) 50° (f) 55° (Jena et al 2010) 
 
As can be seen at a 55° impact angle the projectile failed to perforate the plate which 
is most beneficial from a protective and shielding point of view; however, the damage 
area increases with an increase in impact angle as highlighted in Fig. 2.53. For a 
structural cable of a given thickness however, this damage will be critical to the axial 
load carrying capacity of the cable during and after the impact event and with high 
velocities will almost definitely result in reduced cable breaking loads. It may also be 
possible for a totally perforated cable to sustain less cross-sectional area damage than 
a cable that it not perforated but struck at an oblique angle of impact. This is 
discussed further in Chapter 6. 
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Fig. 2.53 Average damage area at front and back face plotted against impact angle 
(Jena et al, 2010) 
 
In terms of impact on a circular surface, Columbo and Giglio (2007) conducted a 
study on the projectile impact of a thin walled (1.8 mm) shaft of a tail rotor 
transmission from a helicopter. As with a structural cable, the shaft is pre-loaded 
before and during impact. The aim of the study was to establish the residual strength 
of the shaft after impact considering both projectile impact angle (as with the plates 
discussed above) and offset as shown in Fig. 2.54 
.  
 
Fig. 2.54 Geometrical parameters used to define the reciprocal position of the 
projectile and shaft (Columbo and Giglio, 2007) 
 
The projectiles considered were similar to that of Jena et al (2010) fired at 854 m/s. 
Colombo and Giglio (2007) acknowledged that greater damage would be caused by 
oblique impacts in the thin walls of the shaft due to gouging. The obliquity angles 
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considered were 0°, 15°, 30°, 45°, 60° and 75° and the offsets considered were 0, 15, 
30, 40, 42, 45, 46 and 47 mm. The intensity of the damage caused by the impact was 
quantified using the dimension of the crater induced by the projectile. It was found in 
this study that the damage in the shaft was greatest for a 45° impact angle coupled 
with a 45 mm projectile offset. Some images of damage from the numerical study are 
shown in Fig. 2.55.    
 
 
Fig. 2.55 Flattening process of the damaged portion of the shaft. The flat geometry is 
used to measure the crater size and extent of residual stresses  
(Columbo and Giglio, 2007) 
 
2.8 Disproportionate Collapse of Cable Supported Structures 
Disproportionate collapse occurs when an initial local failure that is produced by 
some small triggering event leads to widespread failure of other parts of the structure 
such that a major collapse occurs. Starossek (2007) highlights that this phenomenon is 
also referred to as progressive collapse. However, in other literature they are 
separately distinguished.  
 
2.8.1 Common Definitions 
The following definitions have been taken from a review of international research on 
structural robustness and disproportionate collapse conducted by Arup for the 
Communities & Local Government (CLG) and the CPNI in the UK (Arup, 2010).  
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 A progressive collapse is one which develops in a progressive manner akin 
to the collapse of a row of dominos.  
 A disproportionate collapse is one which is judged (by some measure 
defined by the observer) to be disproportionate to the initial cause.  
 
A collapse may be progressive in nature but not necessarily disproportionate in its 
extent, for example if arrested after it progresses through a number of parts of the 
structure. Vice versa, a collapse may be disproportionate but not necessarily 
progressive if, for example, the collapse is limited in its extents to a single part of the 
structure.  
 
In the context of the present study the major concern is partial or total collapse of a 
cable supported structure in the event of sudden cable loss resulting from damage 
induced in the cable by high velocity fragment impact. 
 
2.8.2 Previous Studies on Disproportionate Collapse 
Avoiding disproportionate collapse following such an event is an important aspect in 
the design of cable supported structures however very little guidance exists on the 
problem in the event of such a scenario. Research on disproportionate collapse or 
progressive collapse dates back to the 1970’s and has been intensified and revisited 
after 9/11 (Ellingwood et al, 2007; Starossek, 2007; Structures Congress SEI, 2009). 
As highlighted by Starossek (2008), guidance for the practicing engineer is gradually 
evolving but is still limited to particular types of structures, primarily buildings 
(Tomasetti et al, 2005; Byfield et al, 2007; Demonceau and Jaspart, 2008; Izzudin et 
al, 2008; Gerasimidis et al, 2009; Kim and Kim, 2009; Knoll and Vogel, 2009; 
Dubina et al, 2010; Arup, 2010) rather than roofs or bridges.  
 
Design rules for buildings can be found in National Guidelines. In the UK, this would 
be the Building Regulations Approved Document A (DCLG, 2004). The tolerability 
of risk within England and Wales is expressed implicitly in the document via the 
definition of ‘Building Class’ namely Class 1 – typically houses, agricultural and 
unoccupied buildings, Class 2A – typically those up to four storeys, Class 2B 
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structures – typically those up to 15 storeys, and Class 3 structures – typically those 
above 15 storeys.  
 
2.8.3 Applicability to Cable Supported Structures 
Cable supported structures do not have a classification but should be designed to be 
collapse resistant by ensuring a high level of safety against local failure or by 
adopting a design which allows for local failure (Wolff and Starossek, 2010). This is 
typically termed as robustness. Wolff and Starossek highlight that the loss of cables 
must be considered as a possible local failure since the cross-sections of cables 
usually have a low resistance against accidental lateral loads stemming from vehicle 
impact or malicious actions. The scenario of concern with cable supported structures 
is cable overload and subsequent rupture and/or total breaking leading to further 
overload in adjacent cables. A collapse progressing in such a way is called a zipper-
type collapse (Starossek, 2008).  
 
The loss of a cable has been described in recent literature as a brittle phenomenon 
which requires the consideration of the dynamic response of the structure in the 
analysis. In order to determine the response of a structure to such an event there are 
currently two methods of analysis available which are:  
 
 Static analysis with dynamic amplification factors (DAF’s) 
 Full and rigorous dynamic analysis of the entire structure in the event of 
sudden cable loss accounting for energy balance, geometric and material non-
linearity, vibration and damping 
 
2.8.4 Dynamic Amplification Factor (DAF) 
The term dynamic amplification factor is explained here in accordance with Ruiz-
Teran and Aparacio (2007 and 2009). When an action (force) is applied to a structure 
slowly, i.e. over a time that is more than twice as long as the main vibration period of 
the structure, the response is practically the same as its static response. However, if 
the action is applied more rapidly, the structure shows a dynamic response. In this 
case, for the given structure and the given action one can define, for each section and 
for each movement or internal force, a dynamic amplification factor (DAF) which is 
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effectively the ratio of the maximum dynamic response to the static response. Ruiz-
Teran and Aparacio (2007 and 2009) highlight that most research has focused on the 
establishment of dynamic amplification factors for bridges, with the aim of supplying 
these values to engineers by means of design guidelines. However, some dynamic 
amplification factors have been established in guidelines without proper research. 
This is the case of dynamic amplification factors for abrupt loss of cables in cable-
stay bridges. In this case, all guidelines limit the factors to an upper bound value of 2, 
since this is the maximum value for a one degree of freedom (dof) system under 
abrupt load application. But dynamic amplification factors may be larger than 2 in 
multi-dof-systems which is applicable to the structures of concern in the present 
study. 
 
2.8.4.1 Guidelines on the use Dynamic Amplification Factors 
There are various guidelines for the design of cable-stay structures and they all 
include dynamic amplification factor values for determining the response of the 
structure to the accidental breakage of a cable. Ruiz-Teran and Aparacio (2007 and 
2009) conducted a comprehensive literature review on research into dynamic 
amplification factors and current guideline requirements, the key points of which are 
highlighted here. SETRA’s guidelines for the design of cable-stayed bridges (SETRA, 
2001) indicate that the accidental breakage of a stay cable has to be considered. An 
equivalent static calculation must therefore be carried out, taking into account a 
dynamic amplification factor of between 1.5 and 2.0. These recommendations state 
that the dynamic amplification factor will depend on the origin of the breakage and on 
the structure. They note that 2.0 is a maximum value that corresponds to the sudden 
breakage of the whole stay cable section and 1.5 for partial breakage. The Post 
Tensioning Institute Guidance (PTI, 2007) calls for a similar procedure, with a 
recommended amplification factor equal to 2.0. In the draft of its recommendations 
for cable-stayed bridges (ACHE, 2002), like the other guidelines, indicated the need 
to verify ultimate limit states in the event of accidental breakage of a stay cable. Two 
alternatives are suggested; dynamic verification and static verification using a 
dynamic amplification factor of 2.0. Clause 2.3.6 of Eurocode 3: Design of steel 
structures Part 1.11 (BSI, 2006) highlights that where required, a sudden loss of any 
one tension component should be taken into account in the design as an accidental 
design situation in accordance with Eurocode 0: Basis of structural design (BSI, 
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2002). The clause states that in the absence of a rigorous analysis, the dynamic effect 
of sudden removal may ‘conservatively’ be allowed for by using a dynamic 
amplification factor of 1.5.  
 
2.8.4.2 Problems with Dynamic Amplification Factors 
Ruiz-Teran and Aparacio (2007 and 2009) state that values of dynamic amplification 
factors given by these guidelines are questionable and in an un-damped system with a 
single dof, the dynamic amplification factor in the event of instantaneous actions is 
always equal to 2. However, in systems with multiple dof’s and therefore more 
vibration modes, this is not always the case. This is proven in their paper with some 
simple case studies on simply supported beams subjected to instantaneous loading 
conditions. A further example was also provided in which an 80 m span bridge deck 
supported by below deck stay cables was modelled in the event of sudden cable 
breakage (Fig. 2.56).  
 
Fig. 2.56 Schematic elevation of below deck stay cable bridge  
(Ruiz-Teran and Aparacio, 2007 and 2009) 
 
To obtain the dynamic response, a cable is eliminated from the model and the forces 
applied by the absent cable before breakage are applied at the anchor points. At the 
initial time, the breakage of the eliminated stay cable occurs and, as a result, the force 
that had been acting upon the anchor points disappears abruptly. Therefore, at the 
same instant an equal and opposite force is applied. As the structure is not in 
equilibrium it oscillates around the final equilibrium position, which is reached once 
the accumulated energy has been dissipated due to damping of the structure. During 
the time necessary to stop the movement the internal forces acting on the deck and in 
the stay cables were monitored. The forces were then compared to the static internal 
forces cause by the action thus arriving at the dynamic amplification factors. The 
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dynamic amplification factors in the bridge deck were mostly larger than 2.0 (as high 
as 4.65 near the ends of the span and 2.79 at mid-span). This therefore showed that if 
a dynamic amplification factor of 2.0 had been applied to a static response this would 
have led to un-safe results.  
 
The key conclusions of this study (taken from Ruiz-Teran and Aparacio, 2007 and 
2009) are briefly highlighted here: 
 
 Given that a DAF equal to 2.0 is not an upper limit in the case of actions 
applied abruptly to a structure in a multi dof system, it is advisable to evaluate 
maximum internal forces by means of a dynamic analysis since there is a lack 
of research studies which establish the order of magnitude of these factors in 
conventional structures.   
 
 Following the guidelines for cable-stayed bridges and carrying out a static 
calculation in which the forces are amplified by a DAF of 2.0 can 
underestimate loads even when the maximum internal forces in critical 
sections of the structure are assessed.  
 
 Current guidelines for cable-stayed bridges as well as Clause 2.3.6 of 
Eurocode 3: Design of steel structures Part 1.11 (BSI, 2006) must be revised 
for the accidental actions caused by the abrupt breakage in stay cables and 
provision made for multiple cable loss (simultaneous and non-simultaneous). 
 
Wolff and Starossek (2008, 2010) also arrived at the same conclusions when studying 
the cable-stay bridge structure highlighted in Fig. 2.54. 
 
 
Fig. 2.57 Large cable-stay bridge considered by Wolff and Starossek (2008 and 2010) 
Chapter Two: Literature Review 
 
75 
 
Here it was concluded that a unique DAF factor cannot be specified for cable-stay 
bridges. Instead, the value is dependent on the location of the ruptured cable as well 
as the type and location of the state variable being considered. They found that 
dynamic amplification factors at locations further away from the ruptured cable are 
high. While the static removal of cable mainly causes local deflections and bending 
moments, sudden removal of cable excites natural modes with deflections and 
moments over the whole girder length. Wolff and Starossek (2008 and 2010) 
concluded that using a factor smaller than 2.0 is only possible for bending moments in 
the bridge girder. However, regarding the bending moments in the pylons, larger 
dynamic amplification factors result where it is noted that for the bridge structure 
considered dynamic amplification factors at the base of the pylon reached 30 for 
negative moments and 8 for positive. 
 
Most of the research regarding the use of dynamic amplification factors has focused 
primarily on cable-stay type bridge structures. However, as highlighted in the present 
study there are many different structural forms which adopt cable stay, suspension 
and net type systems. Cables are often used to support large roof structures, however 
very little is found in open literature regarding the analysis and design of such 
structures in the event of sudden cable loss. Gerasimidis and Baniotopoulous (2011) 
conducted a study on a cable-stayed roof structure in the event of sudden cable loss 
using elastic static models only in an attempt to identify a simple method to perform a 
robustness evaluation. The general approach of already accepted guidelines was 
adopted, that being the dynamic amplification factor method in accordance with the 
PTI guidelines (2007). Gerasimidis and Baniotopoulous (2011) point out that 
although the use of a dynamic amplification factor of 2.0 for a first cable loss is 
justified in their analysis, a possible consecutive failure which is a result of the first 
one  (i.e. cable overload) should be treated differently and should refer to the ultimate 
load capacity of the failing cable. This consecutive cable loss due to its carrying load 
at the time of failure can potentially be the critical one for any cable-stayed structure. 
 
To conclude this section of the chapter, given the computing capabilities and analysis 
tools commercially available for use in structural design it is recommended that a 
rigorous dynamic analysis should always be conducted for sudden cable loss case 
especially for the structures of concern in the present study. 
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2.9 Concluding Remarks 
This chapter presents a review on the current state of knowledge surrounding the 
problem being considered in the present study. The focus here was to firstly gain a 
full appreciation of the types of structural cables available on the market, how they 
are designed, manufactured and used as structural components in cable supported 
structures. Following this, a review of previous studies on both the analytical and 
numerical modelling of stranded cables was conducted. It was acknowledged that 
further development is needed for the present study and full 3D FE models of 
structural cables are required, especially for high velocity impact analysis. This is 
discussed further in Chapter 4. Following this, a comprehensive discussion was 
provided on the vulnerability of cable supported structures in terms of the threat being 
considered. The aim was to highlight the true context of the problem and how this is 
only very recently come to light in industry and how research in the overall area of 
robustness of cable supported structures is required.  
 
The primary focus of the present study is on how structural cables behave when 
‘transversely’ impacted by free flying fragments travelling at high velocity launched 
from an explosion. Transverse meaning impact perpendicular to the longitudinal axis 
of the cable i.e. the direction in which the cable is held in place and axial load is 
acting. Therefore, it was important to gain an appreciation of what studies have been 
conducted previously on the global and local dynamic response of cables under such a 
loading condition. It was clear that very little research has been carried out in this 
area, hence strengthening the originality of the present study. Two examples are 
provided were structural cables are used in transverse impact situations, however, as 
highlighted, both are quite different in terms of duration of load, mass of impacting 
body, cable types, boundary conditions and overall response.  
 
In terms of the global response of structural cables in the event of sudden cable loss it 
is important to have an appreciation of how structural cables behave when subjected 
to dynamic axial load. The question posed here is whether or not there is an increase 
or decrease in cable strength when subjected to high strain rates i.e. are structural 
cables strain rate sensitive and do they respond any differently under quicker rates of 
load application. Again very little research has been carried out in this area. A study 
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carried out by the Health and Safety Laboratory is highlighted where dynamic axial 
loads were applied to compacted strand steel wire rope. Based on the ropes tested, it 
was inconclusive whether or not the ropes were strain rate sensitive. An area that 
needs further attention is how structural terminations respond to dynamic axial load, 
as in the testing it was highlighted that they failed under dynamic axial loading before 
the cables and below the minimum breaking loads, whereas under static axial load the 
cables failed above their minimum breaking load and the terminations remained 
intact. Following this, a review was carried out on the currently available 
fragmentation data related to the threat being considered in the present study. Here it 
is highlighted that in previous studies where impact from fragmentation is a concern, 
the fragment was characterised based on the threat as a common form of projectile. In 
the present study this was the fragment simulating projectile (FSP). However, new 
data provided during the course of the present study is also highlighted for VBIED 
fragmentation.  
 
Understanding target response to high velocity fragment impact is important to the 
present study, therefore a review was conducted on the key variables that need to be 
investigated. From this, it was determined that in the present study the key variables 
are projectile shape, projectile strength, target strength and target thickness. A 
discussion on localised material response to high velocity impact is provided in 
Chapter 3 to supplement this part of the chapter.  
 
Finally, a review on the issue of disproportionate collapse of cable supported 
structures is provided in the event of sudden cable loss. Here is it highlighted how 
there is very little guidance to the practising engineer on the disproportionate collapse 
of cable supported structures, unlike that provided for buildings. Current guidelines 
suggest the use of dynamic amplification factors in a purely linear elastic static 
analysis i.e. amplifying the forces applied at the nodal ends of a lost cable of up to 
2.0. Such models do not account for geometric and material non-linearity, nor do they 
consider the dynamic response of the materials that make up the structure. However, 
it is highlighted by a number of researchers that a factor of 2.0, in some cases, is 
unsafe and a rigorous dynamic analysis should always be performed accounting for 
geometric and material non-linearity and failure (i.e. yielding, plasticity and crushing 
etc). Other researchers have also highlighted that such a method does not provide the 
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designer with an understanding of how a cable supported structure might collapse and 
also it is not clear what dynamic amplification factors should applied after more than 
one cable is lost where the loads in the intact cables are possibly close to the breaking 
load. From this review, it is clear that there is a general lack of guidance to the 
practising engineer on the disproportionate collapse of cable supported structures 
unlike that available for buildings and until such guidance is available a rigorous 
dynamic analysis should be conducted within the specific risk criteria specified. A 
brief case study is provided in Chapter 7 and it is identified that this is an area where 
further research is needed. 
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Chapter Three 
  
 
The Numerical Simulation of High 
Velocity Fragment Impact 
 
3.1 Introduction 
The dynamics of impacting bodies is a complex problem to model numerically due to 
the vast number of variables that have to be accounted for. Over the last decade, 
considerable effort has been invested in order to physically understand and 
mathematically describe the phenomena that take place during impact, penetration 
and perforation (Backman and Goldsmith, 1978; Corbett et al, 1996; Anderson and 
Bodner, 1988; Zukas et al, 1982 and 1990; Brown, 1986; Jonas and Zukas, 1978). 
However, empirical and analytical solutions to the problem are generally limited and 
in most cases much too simplified for use. Borvik et al (1999) highlights that so far, 
most progress has been made during experimental investigations. However due to the 
complexity and cost associated with such testing it is not economically practical to 
base all impact studies on laboratory testing alone, whether in the academic or 
industrial domain.   
 
As highlighted in Chapter 2, Zukas et al (1982) states that a complete description of 
impacting bodies would demand that account be taken of: 
 
 Geometry of the impacting bodies 
 Elasticity and plasticity of the interacting bodies 
 Shockwave propagation 
 Hydrodynamic material flow 
 Finite strains 
 Deformations 
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 Work hardening 
 Thermal and frictional effects 
 Initiation and propagation of failure 
 
To achieve this, a numerical solution is required to solve the relevant equations of 
continuum physics coupled with an appropriate constitutive relationship to 
characterise the impacting material(s) under high strain rate loading. One particular 
area where all of the above variables would have to be accounted for is in the 
structural impact of stationary targets by explosion generated fragments travelling at 
high velocity. In the absence of/or in conjunction with experimental testing a 
hydrocode is normally selected for simulation of the problem. Hydrocodes are large 
computer programs that can be used to simulate highly dynamic events particularly 
those which include impacts and shocks, by approximating continuum in a pointwise 
(finite difference) or piecewise (finite element (FE)) manner, and then solving the 
conservation equations coupled with material descriptions.  
 
The aim of this chapter is to describe the details, key considerations and role of 
numerical simulation in the present study and essentially provide a platform for the 
modelling in the following chapters. 
 
3.2 The Finite Element Code 
All numerical modelling contained within the present thesis has been carried out using 
LS-DYNA (LSTC, 2007). LS-DYNA is an advanced general purpose multi-physics 
finite element simulation software package that has been developed by Livermore 
Software Technology Corporation (LSTC). Its core competency lies in highly non-
linear transient dynamic finite element analysis using explicit time integration and is 
therefore suitable for high velocity fragment impact simulations were material non-
linearity (plasticity and fracture), contact nonlinearity (varying boundary conditions 
with time) and geometric non linearity (large deformations) need to be accounted for. 
The first version of LS-DYNA was released in 1976 after being developed by 
Hallquist at Lawrence Livermore Laboratories and was initially known as DYNA 3D 
(Hallquist, 1976). Initially its use was predominantly in the automotive industry; 
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however, it is now widely used as a design and simulation tool in civil and structural 
engineering and has been used successfully for many applications in this field.  
 
3.3 General Numerical Modelling Procedure 
The scope of most numerical simulations is: first, to investigate if the code or solution 
being adopted is able to adequately describe the problem being considered; and 
second, to investigate how accurate the predictive capabilities are with reference to 
available experimental results. Work in the field of high velocity projectile impact 
suggests that the accuracy of the results is highly dependent on the material model 
being used in the analysis. However, there are many other considerations to make in 
such highly complex non-linear finite element simulations as highlighted in Fig. 3.1 
(Hitchings, 1992) 
 
 
 
 
 
 
 
Fi 
 
Fig. 3.1 Typical computational process for non-linear finite element analysis 
(Hitchings, 1992). 
 
3.4 Computational Domain 
Non-linear FE codes, used to deal with the motion of deformable materials, fall into 
two distinct categories which are Lagrangian solvers and Eulerian solvers. The LS-
DYNA code has both capabilities. In Lagrangian codes the computational grid is 
fixed in the material and thus distorts with it. In Eulerian codes the computational 
grid is fixed whilst material passes through it. This is illustrated in Figs. 3.2 and 3.3 
which show both Lagrangian and Eulerian meshes for the shear deformation of a 2D 
block of elements. 
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Fig. 3.2 Lagrangian mesh (Belytschko et al, 2000) 
 
Fig. 3.3 Eulerian mesh (Belytschko et al, 2000)  
 
Belytschko et al (2000) highlights that a common description is to think of the 
Lagrangian mesh being drawn on the body. The mesh deforms with the body. Both 
the nodes and the material points change position as the body deforms. However, the 
position of the material points relative to the nodes remains fixed (Fig. 3.2). On the 
other hand, the Eulerian mesh is a background mesh. The body flows through the 
mesh as it deforms. The nodes remain fixed and the material points move through the 
mesh. The position of material points relative to the nodes varies with the motion 
(Fig. 3.3). 
 
There are limitations associated with each method. For example, in the Lagrangian 
method severe mesh distortion can occur because the mesh deforms with the material 
which can lead to inaccuracies in the output and in some cases termination of the 
analysis when an element becomes so distorted it effectively folds in on itself 
resulting in a negative element volume. This is normally overcome using adaptive 
meshing techniques. When using the Eulerian method there is no mesh distortion 
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because the mesh is fixed in space although the global domain that needs to be 
modelled in terms of a nodal grid is larger so the body does not leave the domain 
whilst deforming, hence resulting in a larger running time. 
A third type of mesh, which is also available in LS-DYNA, is the Arbitrary 
Lagrangian Eulerian mesh, commonly known as (ALE). In this method the nodes are 
programmed to move so that the advantages of both Lagrangian and Eulerian meshes 
can be utilised. This method has not been used and will not be discussed here. 
 
The numerical modeling in the present study was carried out within the Lagrangian 
domain only. 
 
3.5 Explicit Time Integration 
There are two forms of time integration used in LS-DYNA. These are the explicit 
form and the implicit form. The explicit solution is the most common for impact and 
short duration events. The implicit solution is used for static and long duration events.  
 
In the explicit solution, nodal accelerations are calculated using a force balance at 
every time step and time steps can become extremely small for increased accuracy. 
The implicit solution is used for static and long duration events in which a stiffness 
matrix is assembled and inverted at each time step resulting in a longer run time 
(more computationally expensive). 
 
All numerical modelling described in this thesis was carried out within the explicit 
time integration domain. 
 
3.5.1 Explicit Time Integration Procedure 
The procedure of explicit time integration is outlined below (LSTC, 2007). Dynamic 
equilibrium is solved from the following equation: 
 
                                         ሾܯሿܽ ൅ ሾܥሿݒ ൅ ሾܭሿݔ െ ܨா ൌ 0                                   (3.1) 
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where FE represents the applied or external forces acting on the system, [K] is the 
stiffness matrix, [C] is the damping matrix and [M] is a mass matrix with x 
representing the nodal displacements, v the nodal velocities and a the nodal 
accelerations. If damping is considered to be negligible then the damping matrix is 
eliminated from the equilibrium equation and it can be re-written as: 
 
             ሾܯሿܽ ൅ ሾܭሿݔ െ ܨா ൌ 0	݋ݎ	ሾܯሿܽ ൌ ܨா െ	ሾܭሿݔ                   (3.2) 
 
Internal forces are defined as FI = [K]x, therefore: 
  
                                                       ሾܯሿܽ ൌ ܨா െ	ܨூ                                                (3.3)                               
 
This set of equations is solved at the beginning of each time step. The mass matrix is 
known, as defined by the user at the beginning i.e. formulated from the geometry and 
material properties of the model. The applied forces are also known, again applied to 
the model by the user. Therefore the internal forces need to be calculated in order to 
solve the nodal accelerations. These are derived from the displacements at the 
beginning of each time step and the accelerations are solved from: 
 
                          ܽ ൌ ሾܯሿିଵሺܨா െ	ܨூሻ             (3.4) 
 
Once the accelerations are known, the central difference method is used to determine 
the velocities and nodal displacements at the end of each time step. The stresses and 
strains are calculated from nodal displacements. The central difference method does 
not have any iteration and thus does not have to converge. It is only conditionally 
stable based on time step size which must be kept small enough to capture the 
solution. This process is demonstrated below for a single element. 
 
                                                  ܨா ൌ ݇	ݔ௧ ൌ ݉	ܽ௧                                              (3.5) 
                                             ܨா ൌ ݇	ݔ௧ାௗ௧ ൌ ݉	ܽ௧ାௗ௧                                         (3.6) 
                                             ݔ௧ାௗ௧ ൌ ݔ௧ ൅	ݒ௧ାௗ௧/ଶ	݀ݐ	                                        (3.7) 
                                             ݒ௧ାௗ௧/ଶ ൌ ݒ௧ିௗ௧/ଶ ൅	ܽ௧	݀ݐ                                      (3.8) 
                                             ݒ௧ାௗ௧/ଶ ൌ ݒ௧ିௗ௧/ଶ ൅	ܽ௧	݀ݐ                                      (3.9) 
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                               ݉	ܽ௧ାௗ௧ ൌ 	ܨா െ ݇	ሺݔ௧ ൅	ݒ௧ି೏೟మ 	݀ݐ ൅	ܽ௧	݀ݐ
ଶሻ                     (3.10) 
 
3.5.1.1 Time Step Calculation 
As highlighted by Zienkiewicz and Taylor (2000) the time step selection is governed 
by the Courant Condition (Courant et al, 1928). The Courant condition effectively 
limits the time step to be less than the time taken for a sound wave to traverse the 
smallest element in the model. In doing this, it is guaranteed that a stress wave is 
detected in an element. If the time step is too large stress waves can jump elements, 
thus leaving them un-detected in the analysis and therefore rendering the results 
incorrect.  
 
Explicit time integration has a critical time step (∆dtcr). It is based on element size and 
stiffness. It is a measure of the natural frequency of each element. The critical time 
step must conform to the Courant Condition for stability which is: 
 
           ሺ∆݀ݐ௖௥ሻ ൏ ݀/ܿ                (3.11) 
 
where d is the characteristic length of the element and c is the speed of sound in the 
material. In LS-DYNA a time step factor is applied to this condition for safety so it is 
re-written as: 
 
         ሺ∆݀ݐ௖௥ሻ ൏ ݐ௦௙	݀/ܿ                (3.12)
  
where tsf is the time step factor set at a default value of 0.9, however the user is able to 
vary the value if necessary pending on the element size chosen. In a study by Borvik 
et al (2009) on the perforation of high strength armour plates tsf was limited to 0.5 for 
greater accuracy. The speed of sound in a material is defined as: 
 
              ܿ ൌ 	ඥܧ ߩ⁄               (3.13)    
  
where E is Young’s Modulus and ρ is the density of the material.  
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When time steps become very small the demand on CPU time is increased but this 
can be overcome if elements with fewer integration points are used. 
 
3.6 Elements  
The complicated geometry of the cables under consideration in the present study 
requires the use of 3D solid elements (Chapter 4 and 6). The most time-efficient solid 
element is an eight node element with a single integration point. However, this type of 
element is prone to zero energy deformation modes known as hourglassing. Any 
element motion that is not a rigid body motion and results in no straining of the 
element is a spurious singular deformation mode (Belytschko et al, 2000). Fig. 3.4 
shows some examples of spurious deformation modes. The dashed line represents the 
outline of the element before spurious distortion occurs as indicted by the solid line. 
 
 
Fig. 3.4 Spurious deformation modes (Belytschko et al, 2000) 
 
A vertical pair of distorted elements in the first mode in Fig. 3.4 would look like an 
hourglass hence the term hourglassing. In problems which involve high velocity 
viscous flow, hourglass control is always recommended in conjunction with the use of 
fully integrated solid elements where necessary. This has been considered in the 
numerical simulations in this study. This is discussed further in Chapter 6. 
 
3.7 Contact Modelling 
In LS-DYNA, contact surfaces are defined from existing nodes and elements to 
prevent parts of the model passing through (or separating from) each other. Energy 
between impacting bodies is transferred via ‘contact energy’ in artificial springs 
located on the contacting surfaces. The contact stiffness is defined as (for solid 
elements):      
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                            ݇ ൌ ௙ܲܣଶܭ/ ௘ܸ                            (3.14)    
 
were Pf is a penalty factor, A is the area of the element face in contact, K is the bulk 
modulus of the material that the interface is attached to and Ve is volume of the 
element.  
 
The surfaces that contact one another are designated as slave and master surfaces. The 
slave and master surfaces are user defined from a set of nodes, elements or parts 
within the model. A part could be a set of wires that make up the cable or a fragment. 
The specific contact algorithms used in this study are discussed in more detail in 
Chapters 4 and 6; however, the general principles are highlighted here.  
 
3.8 Material Modelling 
Two different material models have been used in the present study. The first of which 
was a simple elasto-plastic bilinear stress-strain model (3.8.1 below) for the general 
modelling of spiral strand cables subjected to quasi-static axial load (Chapter 4). The 
second was a more comprehensive constitutive relationship (3.8.2 below) for highly 
transient, high strain rate and temperature dependant simulations which is suitable for 
high velocity impact fragment studies (Chapter 6). Each are discussed below with 
reference to their formulation and implementation in LS-DYNA. 
 
3.8.1 Elasto-Plastic Bilinear Model     
For analysis of the spiral strand cables subjected to quasi-static axial loading (Chapter 
4) an elasto-plastic bilinear stress-strain relationship was adopted. This is known in 
LS-DYNA as MAT_003:PLASTIC_KINEMATIC (LSTC, 2007). It is suitable for 
modelling isotropic/kinematic hardening plasticity (Fig. 3.5) with the option of 
including strain rate effects and simple failure strains for eroding elements.     
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Fig. 3.5 Elasto-Plastic Material Model (LSTC, 2007) 
 
In this material model, the equivalent (von Mises) stress is expressed as follows: 
 
                           ߪ௘௤ ൌ 	 ቈ1 ൅ ቀఌሶ೐೜஼ ቁ
భ
ು቉ ሺߪ଴ ൅ ߚܧ௣ߝ௘௤ሻ            (3.15)    
and  
                                              ܧ௣ ൌ 	 ா∙ா೟ாି	ா೟                                    (3.16)    
 
where, ߪ଴ is the yield stress, ߝ௘௤	is the equivalent plastic strain, ߝሶ௘௤ is the equivalent 
plastic strain rate,	ܧ௣ is the plastic hardening modulus,	ܧ௧ is the tangent modulus, E is 
the young’s modulus and	ߚ is a hardening parameter between 0 (kinematic) and 1 
(isotropic). C and P are constants in the Cowper-Symonds (CS) model (1958), used to 
scale the yield stress by a strain rate dependant factor. Failure by element erosion may 
also be taken into account by an optional constant failure strain value ɛf. 
 
3.8.2 Constitutive Relation 
In order to model the mechanical response of a material to impact loading, account 
needs to be made for the materials stress-strain behaviour, large strains, high strain 
rates, temperature softening, varying stress states and history of loading in addition to 
the strain- or work-hardening of the material. For this a constitutive relationship is 
required which connects these variables in the time domain of the simulation. Under 
such conditions the multi-axial stress state of a material is usually expressed in terms 
of an equivalent (von Mises) stress σeq and most constitutive relationships define this 
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stress in terms of the accumulated plastic strain on impact ߝ௘௤, plastic strain rate ߝሶ௘௤ 
and temperature T. This is normally written in the simplest form as follows (Dey et al 
2007). 
        ߪ௘௤ ൌ ݂ሺߝ௘௤, ߝሶ௘௤, ܶሻ             (3.17)    
 
The temperature constituent T is present due to high strain rates. Temperature rise 
gives local softening whilst the surrounding material (beyond the impact zone) 
continues to strain harden (Borvik et al, 2001a). 
 
Two important constitutive relationships of this type have been proposed by Johnson 
and Cook (1983) and Zerilli and Armstrong (1987, 1990, 1997). The Johnson Cook 
relationship has been used for all fragment impact simulations in the present study 
(Chapter 6) due to its simplicity and less involved calibration process. 
 
3.8.2.1 Johnson-Cook Constitutive Relationship 
The Johnson-Cook constitutive relationship (Johnson and Cook, 1983) is a common 
material model pre-implemented in most hydrocodes for use in impact simulations of 
ductile targets subjected to large strains, high strain rates and high temperatures. The 
model is purely empirical. In the model the equivalent (von Mises) stress is expressed 
as: 
 
            ߪ௘௤ ൌ ൫ܣ ൅ ܤߝ௘௤௡ ൯൫1 ൅ ܥ ln ߝሶ௘௤∗ ൯ሺ1 െ ܶ∗	௠ሻ            (3.18)    
 
where, A is the yield stress, B is the hardening (slope) constant, ߝ௘௤	is the equivalent 
plastic strain, n is the hardening parameter, C is the strain rate sensitivity, ߝሶ௘௤∗  is the 
dimensionless strain rate. The temperature dependence is given by the homologous 
temperature T* which is defined as T* = (T - Tr) / (Tm – Tr). T is the absolute 
temperature, and suffixes r and m indicate the room temperature and the melting 
temperature, respectively. The first bracket in the model represents the strain 
hardening, the second describes the strain-rate sensitivity and the third represents the 
temperature softening. This implies that the strain hardening, strain-rate hardening 
and temperature softening are independent of each other, i.e. the different influences 
are uncoupled in this model.   
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The model assumes an adiabatic response in the material meaning that all plastic 
energy is converted into heat which effectively raises the temperature in every 
element undergoing large plastic strain.  
 
Borvik et al (2001a), motivated by Camacho and Ortiz (1997), modified the strain-rate 
sensitivity term to avoid unwanted effects when ߝሶ௘௤∗ < 1 i.e. low strain rates. Therefore 
the von Mises equivalent stress in the modified version is expressed as: 
 
            ߪ௘௤ ൌ ൫ܣ ൅ ܤߝ௘௤௡ ൯൫1 ൅ ߝሶ௘௤∗ ൯஼ሺ1 െ ܶ∗	௠ሻ            (3.19)    
 
The temperature increment due to adiabatic heating is calculated from: 
 
        eq
P
eqeq
C
d
T



0
                   (3.20)    
 
where ρ is the density, Cp is the specific heat and χ is the Taylor-Quinney empirical 
coefficient that represents the proportion of plastic work converted into heat (Borvik 
et al 2001a), usually assigned as 90%. This assumes that no heat transmission occurs 
in the system. Thus, heating occurs due to plastic work only. 
 
3.8.2.2 Fracture Criteria 
A material model is not complete without some form of material degradation or 
failure. The ductility and failure of metals has been studied, both experimentally and 
theoretically for many years and a comprehensive review of several models is given 
by Dey (2004). The damage and fracture in metals involves a number of metallurgical 
events such as nucleation, growth and coalescence of voids. The growth of such 
microvoids and microcracks results in a progressive reduction of the load carrying 
area of the material. This process results in a loss in material strength and stiffness, 
and is called damage softening (Lemaitre and Chaboche, 1990). Fig. 3.6 shows the 
development of such cracks and voids in a steel plate that has been impacted by a 
blunt nosed projectile.  
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Fig. 3.6 Metallographic examination of the localised shear zones in a penetrated target 
(Borvik et al, 1999) 
 
In many materials it is seen from experiments (Dodd and Bai, 1987; Hosford and 
Caddell, 1993; Zukas et al 1990; Borvik et al 2002a and Dey, 2004) that failure strain 
increases with increasing temperature and may decrease with increasing strain rate, 
hence they both have an effect on the damage process during penetration.  
 
Johnson and Cook (1985) devised a failure strain ߝ௙ in terms of strain rate and 
temperature which is written in the same manner as their original constitutive 
relationship (Equation 3.18) as follows: 
 
         ߝ௙ ൌ ሺܦଵ ൅	ܦଶ expሺܦଷߪ ∗ሻ	൫1 ൅ ܦସ ln ߝሶ௘௤∗ ൯	ሺ1 ൅ ܦହܶ∗ሻ                 (3.21)    
 
where ߪ ∗ is the stress triaxiality ratio which is defined as ߪ ∗	ൌ 	ߪு/ߪ௘௤	and            
D1 to D5 are material constants derived from material testing. As with the original 
constitutive model, Borvik et al (2001a) modified the sensitivity term in the failure 
strain to accommodate low strain rates as follows: 
 
               ߝ௙ ൌ ሺܦଵ ൅	ܦଶ expሺܦଷߪ ∗ሻሻ	൫1 ൅ ߝሶ௘௤∗ ൯஽ర	ሺ1 ൅ ܦହܶ∗ሻ                 (3.22)    
  
The fracture criterion was based on damage evolution, where the damage of a material 
element is expressed as: 
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             ܦ ൌ	∑∆ߝ௘௤ ߝ௙ൗ                   (3.23)    
where ∆ߝ௘௤ is the increment of accumulated (equivalent) plastic strain that occurs 
during an integration cycle and failure is assumed to occur when D equals unity. 
 
The original Johnson-Cook constitutive relationship (1983) and failure criterion 
(1985) were not coupled. Borvik et al (2001a) coupled the modified version of the 
constitutive model (Eq. 3.19) with ductile damage based on work by and Lemaitre 
(1996) hence giving a coupled constitutive relationship expressed as follows: 
 
     ߪ௘௤ ൌ ሺ1 െ ߚܦሻ൫ܣ ൅ ܤߝ௘̅௤௡ ൯൫1 ൅ ߝ̅ሶ௘௤∗ ൯஼ሺ1 െ ܶ∗	௠ሻ                    (3.24)    
 
where the damage variable D is a value between 0 (undamaged) and 1 (fully broken), 
and ߝ̅ሶ௘௤∗  = ሺ1 െ ߚܦሻߝሶ௘௤∗  is the dimensionless damage-equivalent plastic strain rate. If 
the coupling parameter ߚ is equal to unity, damage is coupled with the constitutive 
equation, while if ߚ equals zero there is no coupling and Equation (3.24) becomes 
Equation 3.19.  
 
In the original Johnson-Cook failure criterion, where damage is uncoupled with the 
constitutive relationship, failure is assumed to occur when D equals unity. In the 
coupled model proposed by Borvik et al (2001a), failure occurs at a critical damage 
less than one, i.e.    
 
                                     ܦ ൌ	ܦ஼ ൑ 1                              (3.25)    
 
Borvik et al (2001a) also proposed a damage evolution rule given as: 
 
                            0  for ߝ௘௤ ൑ 	 ߝ஽  
D =                (3.26)    
                 ܦ஼ 	 ௗఌ೐೜ఌ೑ି	ఌವ      for ߝ௘௤ ൐ 	 ߝ஽  
 
where ߝ஽ is the damage threshold and ܦ஼ is the critical damage, i.e. fracture occurs 
when D reachesܦ஼ ൑ 1. For simplicity it was assumed that ܦ஼ is a material constant 
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and ߝ௙ is defined by the modified version of the Johnson-Cook model given in 
Equation 3.22.    
 
The advantage of the coupled approach is that the softening effect of damage is 
accounted for in the formulation. Borvik et al (2002b and 2003) highlights however, 
that in impact analysis, the high strain rates may lead to adiabatic conditions and 
temperature softening of the material and that it is possible to describe strain 
localisation, for instance in adiabatic shear banding, without the use of a coupled 
approach, if the constitutive relationship takes temperature softening into account. 
This was based on a study (Borvik et al 2001b) where numerical results were 
compared to observations from gas-gun experiments where blunt nosed projectiles 
were launched against Weldox 460 E steel plates. It was found that the fully coupled 
model showed slightly better agreement with the experimental results but the 
difference was not significant.  
 
Dey (2004) highlights that the main advantage of not using the coupled model is in 
the identification of material parameters from test data, which is much less involved. 
 
The original Johnson-Cook failure criteria and that modified by Borvik et al (2001a) 
were based on void growth. Cockcroft and Latham (1968) came up with a very simple 
fracture criterion which was based on the total plastic work per unit volume W 
expressed as follows: 
 
                                                      ׬ 〈ߪଵ〉݀ߝ௘௤ ൌ ܹఌ೐೜଴                                             (3.27) 
 
where ߪଵ is the major principal stress,	〈ߪଵ〉 =  ߪଵ when ߪଵ  ≥ 0 and 〈ߪଵ〉 = 0 when ߪଵ < 
0. The concept here is that damage accumulates during straining until a critical value 
W = Wcr is reached at ߝ௘௤= ߝ௙.	They reasoned that the fracture criterion needed to be 
based on some combination of stress and strain. The critical value of the plastic work 
per unit volume (Wcr) can be determined from one simple uniaxial tensile test. 
Moreover, the model is able to capture observed material behaviour for most steels 
exposed to impact (Borvik et al 2009). It was shown by Dey et al (2006) that the 
single parameter (Wcr) Cockcroft-Latham fracture criterion gives equally good results 
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as the five parameters (D1 to D5) in the Johnson-Cook fracture criterion in LS-DYNA 
simulations of perforation of steel plates. Further discussions regarding the use of the 
fracture criterion in high velocity projectile simulations can be found in Bao and 
Wierzbicki, 2004a and 2004b and Teng et al 2007.   
The modified Johnson-Cook constitutive relationship (Equation 3.19), fracture 
criterion (Equation 3.22) and Cockcroft-Latham fracture criterion (Equation 3.27) 
have been implemented in LS-DYNA as MAT_107: MODIFIED_JOHNSON_COOK 
(LSTC, 2007) and are readily available for use coupled or uncoupled. A 
comprehensive discussion on the numerical implementation of the models can be 
found in Dey (2004).    
 
The models are coupled with an element kill algorithm that removes damaged 
elements from the mesh when the damage variable reaches DC (if using the modified 
Johnson-Cook fracture criterion (Borvik et al 2001a)) or Wcr (if using the Cockcroft-
Latham fracture criterion (1968)). In addition a temperature based erosion criteria can 
also be initiated based on the critical temperature which is taken as Tc = 0.9Tm. This 
means that when the temperature in the material reaches 90% of the melting 
temperature, the element is eroded. It is assumed at these temperatures, the material is 
so weak that it does not offer much impact resistance (Borvik et al 2009).  
 
The modified Johnson-Cook constitutive relationship (Equation 3.19) and Cockcroft-
Latham fracture criterion (Equation 3.27) have been used in the present study for high 
velocity fragment impact studies; therefore the following section of this chapter 
describes the parameter identification process for these models only for reference in 
Chapter 6. A detailed description of the parameter identification process for the 
modified Johnson-Cook fracture criterion can be found in Borvik et al (2001a) and 
Dey (2004). 
 
3.8.2.3 Identification of Material Parameters 
Constitutive relationships require calibrating against experimental material test data. 
Four different types of tensile tests are required to identify the material parameters in 
the modified Johnson-Cook model (Borvik et al 2001a). They are usually quasi-static 
tests with circular smooth and circular notched specimens (for triaxiality assessment), 
dynamic tests over a wide range of strain rates and quasi-static tests at elevated 
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temperatures. Example results from such tests are highlighted in Figs. 3.7-3.9 taken 
from Dey (2004). R indicates the notch radius of the specimen. 
 
 
Fig. 3.7 True stress-strain curves for Weldox 460 E steel from quasi-static tensile tests 
on smooth and notched specimens (Dey, 2004) 
 
 
Fig. 3.8 True stress-strain curves for Weldox 460 E steel from dynamic tensile tests 
on smooth specimens and different strain rates (Dey, 2004) 
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Fig. 3.9 True stress-strain curves for Weldox 460 E steel from elevated temperature 
tensile tests on smooth specimens (Dey, 2004) 
 
The modified Johnson-Cook constitutive relationship (Equation 3.19) consists of three 
terms governing strain hardening, strain rate sensitivity and temperature softening. 
The parameters for each are normally calibrated separately. 
 
The parameter A which is normally taken as the yield stress (if well defined) or proof 
stress at some persentage of plastic strain (typically 0.1 or 0.2%) using Bridgman 
corrected true-stress strain data at room temperature in order to obtain σeq. The strain 
hardening parameters (B and n) are then fitted to the curve beyond the yield point 
when T* = 0 and ߝሶ௘௤∗ ≈ 1 i.e. for: 
 
                ߪ௘௤ ൌ ൫ܣ ൅ ܤߝ௘௤௡ ൯2஼ ൎ 	 ൫ܣ ൅ ܤߝ௘௤௡ ൯	                             (3.28)    
 
The parameter C is determined from dynamic tensile test data. For this, a curve of true 
stress versus the logarithm of strain rate is plotted from one datum point of each 
dynamic true stress-strain curve. The datum points represent the true stress at different 
strain rates, but at the same plastic strain. The parameter C is then the slope of the 
curve. An example of such data is shown in Fig. 3.10 from Dey (2004). 
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Fig. 3.10 Effect of strain rate on the flow stress for Weldox 460 E (Dey, 2004) 
 
The strain-rate parameter C is calibrated under the condition of T* = 0 by using the 
method of least squares for:  
 
                      ߪ௘௤ ൌ 	 ఙ೐೜ሺ஺ା஻ఌ೐೜೙ ሻ ൌ ሺ1 ൅ ߝሶ௘௤
∗ ሻ஼	                             (3.29)    
 
Borvik et al (2009) conducted a series of strain rate testing at rates of 0.001/s to 
1000/s on Weldox 500E (σ02 = 605 MPa), Weldox 700E (σ02 = 819 MPa), Hardox 
400 (σ02 = 1148 MPa), Domex Protect 500 (σ02 = 1592 MPa) and Armox 560T (σ02 = 
1711 MPa). It was found that the lowest strength steels were only moderately 
sensitive to strain rate whereas Domex Protect 500 showed no sensitivity (Fig. 3.11) 
and Armox 560T could not be tested in the split-Hopkinson bar due to its high 
strength and ductility.     
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Fig. 3.11 True stress at 3% plastic strain verses strain rate for a number of high 
strength steels (Borvik et al, 2009) 
 
No high strain rate testing has been conducted on the steel wires that make up the 
cables in the present study due to both time and funding constraints and the wires are 
assumed to be insensitive to strain rate. This is discussed further in Chapter 6 and 
recommendations regarding this are highlighted in Chapter 8. 
 
Finally, using the tensile tests at elevated temperatures the temperature softening 
parameter m is determined from the elevated temperature test data. A similar 
procedure to that used to derive C can be used in which the true stresses 
corresponding to a percentage of plastic strain are plotted against temperature. The 
parameter m is then the slope of the curve. An example of such data is shown in Fig. 
3.12 again from Dey (2004). 
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Fig. 3.12 Effect of temperature on the flow stress for Weldox 460 E (Dey, 2004) 
 
The temperature softening parameter m is calibrated under the condition of ߝሶ௘௤∗  ≈ 1 by 
using the method of least squares for: 
 
               ߪ௘௤ ൌ 	 ఙ೐೜ሺ஺ା஻ఌ೐೜೙ ሻଶ಴ ൎ
ఙ೐೜
ሺ஺ା஻ఌ೐೜೙ ሻ ൌ ሺ1 െ ܶ
∗௠ሻ	                       (3.30)    
 
In the absence of tests at elevated temperatures, Borvik et al (2009) notes that for steel 
it would be reasonable to assume a linear reduction in equivalent stress with 
temperature in accordance with Dey et al (2006). Therefore in this case m = 1. No 
high temperature testing has been conducted on the steel wires that make up the 
cables in the present study due to both time and funding constraints. This is discussed 
further in Chapter 6 and recommendations regarding this are highlighted in Chapter 8. 
   
The failure criterion proposed by Cockcroft and Latham (1968) is calibrated easily 
where the material constant Wcr is determined by calculating the area (or plastic work) 
under the true stress-strain curve of a uniaxial quasi-static tensile test on a smooth 
specimen where the true stress was measured all the way up to fracture. This is shown 
diagrammatically in Fig. 3.13 for Weldox 460 E where Wcr was determined to be 
1219 MPa (Dey, 2004). 
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Fig. 3.13 True stress-strain curves for Weldox 460 E from quasi-static tensile tests on 
smooth and notched specimens (Dey, 2004) with Wcr highlighted. 
 
3.8.2.4 Equation of State 
In physics and thermodynamics, an equation of state is a relationship between state 
variables which are usually pressure, volume and internal energy or temperature. It is 
a constitutive relationship in its own right. In low pressure processes, pressure is not 
significantly affected by temperature. When volumetric compression is within an 
elastic linear deformation range, a linear bulk modulus may be used to relate volume 
changes to pressure changes (LSTC, 2007). In accordance with Fung (1965) the 
definition of an isotropic bulk modulus is: 
 
                                      ∆ఔఔ ൌ 	െ
௉
௄                                                     (3.31)    
which may be re-written as: 
 
                               ܲ ൌ ܭ ቂെ ∆ఔఔ ቃ ൌ ܭߤ                                            (3.32)    
 
where P is pressure, K is the bulk modulus and μ is the volumetric strain. This is the 
simplest form of equation of state and seems to be appropriate for weak shocks. 
According to Zukas et al (1982) and Meyers (1994) only moderate pressures are 
generated for solid-solid impacts in the 0.5 - 2 km/s velocity regime, and a non linear 
equation under such impact conditions seems to be of secondary importance (Borvik 
et al 2009). This equation of state has been adopted in the present study.     
Wcr
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3.9 Case Study for Demonstration 
The study chosen for demonstration is based on work carried out at the Norwegian 
Defence Construction Service and the Norwegian University of Science and 
Technology (NTNU) in 2002 (Borvik et al 2002a). In this study, projectiles with three 
different nose shapes (blunt, hemispherical and conical) have been used in gas gun 
experiments to penetrate 12 mm thick Weldox 460 E structural steel plates. 
Consideration here concentrates on the blunt nosed projectiles.  
 
3.9.1 Experimental Test 
All experimental work was conducted at the SIMLab at NTNU using a compressed 
gas gun. The gun, capable of firing 250g projectiles at 1000m/s, is discussed in the 
literature. The projectiles were fired from the gas gun which was positioned 
approximately 2 m in front of the target. Once fired, the projectiles pass through the 
initial velocity measurement station before impacting the target (plate). The plate was 
clamped in a circular frame, having an inner clamp diameter of 500mm which also 
represents the free span of the plate in the analysis. If the projectile perforates the 
target, residual velocities are taken before all free flying objects are stopped. A 
schematic of the compressed gas gun can be found in the literature. 
 
3.9.2 Materials 
3.9.2.1 Weldox 460 E Structural Steel Plate 
Weldox is the brand name of a class of thermo-mechanically rolled ferritic structural 
steel that offer both high strength and ductility, both of which are crucial requirements 
in the design of structures subject to highly transient loading conditions. The material 
belongs to a family of high strength steels manufactured by SSAB in Sweden as 
highlighted above. Weldox has yield strength levels varying from 420 MPa to as high 
as 1100 MPa. The number that follows the brand name indicates the nominal yield 
strength the material can achieve. This means that Weldox 460 E has minimum yield 
strength of 460 MPa. Material data for Weldox 460 E is shown below in Table 3.1 
and 3.2. 
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Table 3.1 Mechanical properties of Weldox 460 E (Borvik et al 2002a) 
Thickness 
(mm) 
Yield Strengh 
min (MPa) 
Tensile Strength 
(MPa) 
Elongation min 
(%) 
Impact property, 
Charpy-V (J) 
Hardness (HB)
8-40 460 530-720 19 40 180 
 
Table 3.2 Thermal properties of Weldox 460 E (Borvik et al 2002a) 
Density 
(kg/m3) 
Grain size (μm) Conductivity 
(W/mk) 
Specific heat 
(J/kgK) 
Expansion 
coefficient (K-1) 
Melting temp. 
(K) 
8-40 7-12 47 452 1.1 . 10-5 1800 
 
3.9.2.2 Projectile 
The projectiles were machined from Arne tool steel.  After machining, they were oil 
hardened to maximum Rockwell C value of 53 in order to minimise the plastic 
deformation during impact. The blunt nosed projectiles used in the study had a 
nominal mass (mp) of 197g, diameter (dp) of 20 mm, and length (Lp) of 80 mm. 
 
3.9.3 Experimental Results 
Some of the experimental results from 10 full scale tests with blunt nosed projectiles 
are given in Table 3.3 below taken directly from Borvik et al (2002a).   
 
Table 3.3 Experimental results with blunt projectiles (Borvik et al 2002a) 
Test 
vi  
(m/s) 
vr  
(m/s) 
vrpl  
(m/s) 
mpl  
(g) 
wmax  
(mm) 
dcf  
(mm) 
dcr  
(mm) 
ΔD  
(mm) 
ΔL  
(mm) 
tfb  
(μs) 
B20a 399.6 291.3 - 36 0.62 22.69 23.82 - - - 
B1 303.5 199.7 242.3 27.6 1.01 20.65 20.93 1.01 0.90 60 
B3 285.4 181.1 224.7 27.6 1.22 20.59 20.75 0.77 0.72 65 
B2 244.4 132.6 187.7 28.1 1.22 20.42 21.18 0.50 0.53 69 
B9 224.7 113.7 169 27.3 1.72 20.56 20.72 0.49 0.47 100 
B4 200.4 71.4 103.7 27.8 2.08 20.35 20.88 0.29 0.28 104 
B15 189.6 42 64 27.7 2.06 20.34 20.63 0.19 0.22 106 
B14 184.3 30.8 45.3 27.8 2.04 20.35 20.64 0.17 0.20 110 
B16 184.8 0 0 - 2.59 20.20 - 0.17 0.22 - 
B8 181.5 0 0 - 2.92 20.21 - 0.17 0.24 - 
 
a Projectile nose broke at impact. 
b Estimated from high-speed camera images. 
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From the table, vi is the initial projectile velocity, vr is the residual projectile velocity, 
vrp is the residual velocity of the plug of material ejected from the plate after 
perforation, mpl was the mass of the plug. A diagrammatical representation of the 
other output variables is shown in Fig. 3.14.  
 
 
 
Fig. 3.14 Experimental test output variables (Table 3.3) 
 
Based on the measured initial and residual velocities for each of the tests, a ballistic 
limit curve was constructed. This is shown in Fig. 3.15 alongside the ballistic limit 
curves for both the hemispherical and conical nosed projectiles. A definition of the 
Ballistic Limit is provided in Chapter 2. 
 
Plate 
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Fig. 3.15 Residual velocity curves for the different projectile nose shapes  
(Borvik et al 2002a)  
 
In reality, despite efforts to replicate experimental conditions, a ballistic impact 
repeated numerous times can yield a number of different results (Dey, 2004). For this 
reason, the typical procedure for determining the ballistic limit velocity is to fire the 
projectiles at the target at varying velocities, close to an approximated ballistic limit 
velocity based on previous research and calculate the average between the highest 
impact velocity not giving perforation and the lowest impact velocity giving complete 
perforation.  This limit is then used to inform the design of armour and other forms of 
protective systems. 
 
Borvik et al (2002a) highlights that the observed differences in ballistic limit 
velocities are mainly attributed to the change in failure mode with projectile nose 
shape. As discussed in Chapter 2, Backman & Goldsmith (1978) highlighted the 
dominant failure modes in steel plates subjected to ballistic impact. The blunt nosed 
projectiles cause failure by shear plugging of the plates. Here, the material in front of 
the projectile is rapidly accelerated at impact, giving a relative velocity within the 
target. This gives rise to localised deformation under adiabatic conditions in narrow 
zones at the well defined periphery of the projectile. Damage due to growth of 
microcracks and microvoids, and heat generated by plastic work, develops in the 
shear bands. Material instability is assumed to appear if the temperature and damage 
softening overcome the strain and strain-rate hardening. When the strain reaches a 
critical value, a discontinuous crack starts to grow towards the rear side of the plate 
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and a plug of material is finally punched out, leaving an almost circular hole in the 
plate.   
 
It was also observed that was very limited deformation of the target plate beyond the 
localised shear zone for the blunt nosed projectiles, whilst the plastic deformation in 
the vicinity of the penetrating projectile using both hemispherical and conical nosed 
projectiles was reasonably significant (Fig. 3.16). 
 
(a) (b) (c) 
Fig. 3.16 Cross-sections of target plates perforated by (a) blunt (b) hemispherical and 
(c) conical projectile (Borvik et al 2002a) 
 
Fig. 3.17 shows the localised plastic material flow in the plates for each projectile 
type at the macroscopic level. When blunt projectiles are used, a sharp distinct 
indentation is seen which appears to be a result of the high relative velocity between 
the accelerated material in front of the projectile and that of the rest of the target.  In 
these localised zones, very large strains, strain rates and temperatures appear which 
effectively lead to damage in the material. The localised deformation is assumed to 
take place in the transition region between an isothermal (constant temperature) and 
adiabatic (change/increase in temperature) hence both temperature and damage effect 
material softening. When the strain reaches a critical value, a crack starts to grow 
towards the rear side of the target, and a plug is finally formed. 
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Fig. 3.17 Micrographs of sectioned and etched target plates close to perforation  
(Borvik et al 2002a) 
 
The effect on the global target deformation (dishing) for each of the projectile nose 
shapes is shown in Fig. 3.18. It can be seen that the maximum target deformation is 
seen to decrease from a maximum value at the ballistic limit to a limit value when the 
impact velocity becomes high. At the higher velocity range overall structural response 
is secondary to the localised behaviour at the impact zone whilst the opposite prevails 
in the lower velocity range. 
  
 
Fig. 3.18 Maximum target deformation versus impact velocity (Borvik et al 2002a)   
 
Borvik et al (2002a) highlights that frictional effects are frequently neglected in 
impact problems. A dynamic coefficient of 0.1 has been proposed by Ravid and 
Bodner (1983). Others have suggested a lower value of 0.05 should be used for the 
lateral surfaces in impact situations due to the high velocities and temperatures. Recht 
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in Zukas et al (1990) indicated an even lower value. He suggested a dynamic friction 
coefficient of 0.01 for ballistic impact involving metal to metal surfaces. Fig. 3.19 
shows typical images of the sliding contact area between the target and projectile for a 
blunt and conical nosed projectile. 
 
 
Fig. 3.19 Sliding contact between projectile and target with (a) blunt and (b) conical 
nose projectiles (Borvik et al 2002a) 
 
Borvik et al (2002a) notes that on impact the leading face of the blunt nosed projectile 
becomes plastically deformed giving it a slight mushroomed shape and a plug with a 
front side diameter almost equal to the deformed nose. The result is a cavity of larger 
diameter than the initial diameter of the projectile. Therefore after passage of the 
initial nose the rest of the projectile is hardly in contact with the target and no sliding 
friction is expected. This is not the case for the conical projectiles, where the 
projectile is in full contact with the target material during the entire penetration and 
perforation process. Consequently, it seems reasonable to neglect frictional effects for 
blunt projectiles, while a small frictional coefficient should be used for conical and 
hemispherical projectiles. The minor importance of frictional effects in plate impact 
with blunt projectiles has previously been validated through numerical simulations 
(Borvik et al 2001b). 
 
3.9.4 Numerical Simulations 
As the plate is circular and the projectile is cylindrical, striking the plate in the centre, 
an axis of symmetry can exploited. The plate is 500 mm in diameter and the projectile 
is a 20 mm diameter cylinder therefore only half of the plate and projectile have been 
modelled about the centre of the plate as shown in Fig. 3.20. 
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3.9.4.1 Mesh 
A fixed element mesh of two-dimensional 4-noded axisymmetric elements with single 
points has been used in this simulation with a Flanagan-Belytschko stiffness based 
hourglass control (1981) for the reasons discussed earlier. 
 
 
 
 
 
 
 
Fig. 3.20 Geometry and fixed finite element mesh for plate and projectile 
 
A fine mesh has been adopted for the plate which is refined over the length towards 
the support (Fig. 3.20). Borvik et al (2001a) notes that a problem that involves shear 
localisation and plugging by blunt nosed projectiles to be mesh sensitive. It is 
assumed that the numerical results will improve as the element size is reduced in the 
plate until convergence is reached. This is expected, since the width of a shear band is 
known to be at the order of 101 – 102 μm (Bai and Dodd, 1992). Therefore a balance 
has to be struck between accuracy and computational efficiency. Therefore, for high 
velocity impact simulations, experimental testing is necessary not only for validation 
but to inform the practicalities of the simulations.  
The mesh used for the projectile was much coarser than that of the plate at the impact 
zone. The comparison between both mesh sizes is shown on Fig. 3.21 were a 0.25 x 
0.2 mm element size has been used for the plate at the impact zone giving 60 elements 
80 mm 
250 mm 
12 mm 
See Fig. 3.22 Fully clamped end 
Initial Velocity, Vi 
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over the target thickness and 1 x 1 mm element size has been used for the projectile 
giving 10 elements (in half model) across the width of the projectile.  
 
 
 
 
 
Fig. 3.21 Mesh refinement at the impact zone 
 
3.9.4.2 Boundary Conditions 
The plate was fully fixed at the end to simulate the practical support conditions of the 
experiment. This was achieved by applying nodal translational and rotational 
constraints to all nodes at the support boundary in all degrees of freedom i.e. encastre 
in structural terms. The projectiles, in each simulation, were given initial velocity 
values identical to those outlined in Table 3.3. This was achieved by applying a 
velocity to the node set of the projectile. 
 
3.9.4.3 Contact Modelling 
The contact algorithm used here is the 
*CONTACT_2D_AUTOMATIC_SINGLE_SURFACE formulation available in LS-
DYNA (LSTC, 2007). Using this formulation everything contacts everything 
(including itself). All parts contact each other. This type of contact is used when the 
exact position of contact is unknown or the contact interface changes during the 
simulation as is the case in impact simulations. There is no master surface defined 
10 mm 
1 mm 
60 elements 
over the target 
thickness of 
0.25 x 0.2mm2 
Refinement 1 Refinement 2 
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when using this algorithm. Frictional effects have been neglected based on the 
observations highlighted during experimental testing with the blunt nosed projectiles. 
 
 3.9.4.4 Material Modelling 
The modified Johnson-Cook constitutive relationship (Borvik et al 2001a) (Equation 
3.19) and the Cockcroft-Latham fracture criterion (1968) (Equation 3.27) have been 
used to model the plate material. The material parameters derived by Dey (2004) used 
in the simulations are highlighted in Table 3.4. 
 
Table 3.4 Material parameters for the Modified Johnson-Cook constitutive 
relationship and Cockfroft-Latham fracture criterion (Dey, 2004). 
Elastic constants  
and density 
Yield stress and  
strain-hardening 
Strain rate  
hardening 
Cockcroft-Latham  
Failure 
E = 200 (GPa) 
߭ = 0.33  
ρ = 7850 kg/m3 
A = 499 (MPa) 
B = 382 (MPa) 
n = 0.458 
έ0 = 5 x 10-4 (s-1) 
C = 0.0079 
Wcr = 1219 (MPa) 
Adiabatic heating and temperature softening 
Cp = 452 (J/kgK) 
χ = 0.9 
α = 1.1 x 10-5 
Tr = 293 (K) 
Tm = 1800 (K) 
m = 0.893 
Tc* = 1620 (K) 
 
The projectile was modelled using the elasto-plastic bilinear model discussed in 
Section 3.8.1. The material parameters highlighted by Borvik et al (2002b) are shown 
in Table 3.5. This model was used for simplicity based on the stress-strain curve for 
tool hardened steel highlighted in (Borvik et al 2001b). 
 
Table 3.5 Material parameters for hardened arne tool steel (Borvik et al 2002b) 
Elastic constants 
and density 
Yield stress and 
strain-hardening 
Mean fracture strain ɛf 
E = 204 (GPa) 
߭ = 0.33  
ρ = 7850 kg/m3 
σ0 = 1900 (MPa) 
Et = 15,000 (MPa) 
2.15 
 
The model does not allow for temperature softening to be accounted for and strain 
rate hardening was ignored in the simulations. Borvik et al (2001a) highlights that 
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with increasing static stress, material strain-rate sensitivity is significantly reduced in 
accordance with Hosford and Caddell (1993). Projectile damage and fracture were 
also ignored but such effects may have to be taken into consideration if large plastic 
deformations occur in softer projectiles. 
 
3.9.5 Numerical Results 
Numerical results from simulation with the blunt nosed projectiles are shown below in 
Table 3.6. Direct comparisons between present numerical simulations, simulations 
conducted by Borvik et al (2002b) and experimental residual velocity curves are also 
shown in Fig. 3.22.  
 
Table 3.6 Numerical results with blunt nosed projectiles 
Test 
Vi  
(m/s) 
Vr  
(m/s) 
Vrpl  
(m/s) 
mpl  
(g) 
wmax  
(mm) 
dcf  
(mm) 
dcr  
(mm) 
ΔD  
(mm) 
ΔL  
(mm) 
tfb  
(μs) 
B20a 399.6 304 305 36 0.62 22.69 23.82 - - - 
B1 303.5 209 243 27.6 1.01 20.65 20.93 1.01 0.90 60 
B3 285.4 192 228 27.6 1.22 20.59 20.75 0.77 0.72 65 
B2 244.4 141 182 28.1 1.22 20.42 21.18 0.50 0.53 69 
B9 224.7 113 143 27.3 1.72 20.56 20.72 0.49 0.47 100 
B4 200.4 40 100 27.8 2.08 20.35 20.88 0.29 0.28 104 
B15 189.6 0 0 27.7 2.06 20.34 20.63 0.19 0.22 106 
B14 184.3 0 0 27.8 2.04 20.35 20.64 0.17 0.20 110 
B16 184.8 0 0 - 2.59 20.20 - 0.17 0.22 - 
B8 181.5 0 0 - 2.92 20.21 - 0.17 0.24 - 
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Fig. 3.22 Comparison between numerical and experimental residual velocity curves 
for blunt nosed projectiles. 
 
The agreement with the experimental results is good although the simulations seem to 
over-predict the ballistic limit of the plate (stiffer response) with the experimental 
value being 185 m/s and the present numerical result being 200.4 m/s. The numerical 
value obtained by Borvik et al (2002b) was 194 m/s. No further numerical modelling 
was carried out between 185 m/s and 200.4 m/s here to derive a closer value to the 
experimental result. There are subtle differences between both numerical simulations. 
It is believed that this is a result of the slight differences in the modified Johnson-
Cook Parameters for Weldox 460 E presented by Dey (2004) and that used by Borvik 
et al (2002b).   
 
As observed experimentally the impact of blunt nosed projectiles causes a shear 
plugging in the plate. Here, the material in front of the projectile is rapidly accelerated 
on impact giving a relative velocity in the plate. This is shown in Fig. 3.23. 
 
0
50
100
150
200
250
300
350
0 100 200 300 400 500
R
es
id
ua
l V
el
oc
ity
 (m
/s
)
Initial Velocity (m/s)
Borvik Experimental 
(Borvik et al 2002a)
Judge Numerical 
(Present)
Borvick Numerical 
(Borvik et al 2002b)
Chapter Three: The Numerical Simulation of High Velocity Impact  
 
113 
 
 
 
Fig. 3.23 Plots of relative nodal velocities on impact for Vi = 200.4 m/s 
 
In accordance with the experimental observations the intense relative velocity gives 
rise to localised deformation under adiabatic conditions in narrow zones at the 
periphery of the projectile. Damage due to the growth of microcracks, microvoids, 
and heat generated by plastic work develops in the shear band (Fig. 3.6) and (Fig. 
3.26). Material instability is assumed to appear if the temperature and damage 
softening overcome the strain and strain-rate hardening. When the strain reaches a 
critical value, a discontinuous crack starts to grow towards the rear side of the plate as 
shown in Fig. 3.24. A plug of material is finally formed, leaving an almost circular 
hole in the plate. Both Figs. 3.24 and 3.25 demonstrate that accurate numerical 
simulation is able to capture the overall physical behaviour of the target plate during 
the penetration and perforation process.  
 
 
Velocity (m/s) 
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Fig. 3.24 Element distortion and discrete cracking in plate on impact 
       
 
   
   
Fig. 3.25 Plastic strain in plate on impact 
 
As highlighted by Zukas (1982), impact velocity directly influences structural 
behaviour. At the higher velocity range overall structural response is secondary to the 
localised behaviour at the impact zone whilst the opposite prevails in the lower 
velocity range. This is evident from Fig. 3.26.    
 
Crack 
propagation  
to rear of plate 
Intense region 
of plastic strain 
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Fig. 3.26 Comparison between numerical and experimental residual velocity curves 
for blunt nosed projectiles. 
 
The deviation between both the numerical and experimental results is due to the fact 
that the experimental plate deformation was measured with the plate at rest (i.e. long 
after the impact event) whilst the numerical values are the maximum deformation 
occurring during perforation i.e. no spring back or partial elastic recovery are taken 
into account.  
 
Each model was run on a Dell Precision T5400 64-bit standard workstation with 4 
CPUs and 32 GB RAM using the LS-DYNA explicit solver (release 4.2.1) with 
double precision. Each model took approximately 2.5 hours to run. 
 
3.10 Concluding Remarks 
To conclude, the aim here was to demonstrate the role of numerical simulation in high 
velocity impact studies and highlight key considerations to be made in the modelling 
of such a complex process. This chapter by no means covers all aspects in the greatest 
of detail however the methods and procedures discussed will be used to inform the 
numerical simulations in Chapter 4 and Chapter 6 of this thesis. What is evident is 
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that if numerical models are accurate enough and more importantly, are validated 
against experimental testing, numerical simulations of high velocity impact can be 
used to replace costly experimental testing. However, more simplified and quicker 
methods of prediction are needed as numerical simulations of this nature, when 
conducted in a design office environment, can still be cost and time intensive 
exercises in terms of developing the simulations, simulation run-times, interpretation 
and conclusion of results. 
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Chapter Four 
  
 
Full 3D Finite Element Modelling of 
Spiral Strand Cables 
 
4.1 Introduction  
As highlighted in Chapter Two there are four main cable constructions used for 
structural applications which are the locked coil strand, spiral strand, parallel strand 
bundle and wire rope strand. Consideration of all four is beyond the scope of the 
present study and the primary focus is on the spiral strand. This decision was made 
based on discussions between Arup, the University of Liverpool and Bridon, where it 
was highlighted that the spiral strand is the most commonly used for the applications 
of concern.   
 
Full coverage of previous research on the modelling of stranded cables can be found 
in Chapter 2. It was highlighted that there are a number of analytical models available 
which are based on linear elastic material behaviour coupled with reasonable 
simplifications and assumptions. Such models are useful for approximation purposes 
but are often incapable of describing phenomena such as localised damage and 
plasticity development in individual wires, wire to wire contact and friction. 
Therefore, there is a general requirement for an accurate cable model which is capable 
of taking into account the complicating factors noted above and can be used 
efficiently for parametric assessment of different cable diameters with different wire 
arrangements, diameters, lay lengths and lay angles. For more complex cables such as 
the spiral strand and for more accurate predictions of contact stresses, final failure 
modes and breaking loads, full 3D elasto-plastic FE models taking into account 
material failure (steel fracture and rupture) must be developed. The need of such 
models becomes more compelling when the cables are subjected to highly transient 
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loadings conditions such as a blast and impact, where the loading condition is 
unsymmetrical and local material failure dominates the cable behaviour. However, 
generating accurate 3D representations of spiral strand cables and discretising them 
into FE meshes is a complex and time consuming process. All the individual wires 
must be placed so that they are in contact with each other, but without penetration, 
otherwise numerical instabilities may arise during the simulations. In addition, to 
accurately capturing the geometry of the wires and to model the complicated contact 
conditions between wires, very fine meshes are required, which can lead to high 
computational cost. This may explain why very few studies have developed full 3D 
FE models of complex strands. The ongoing development of the finite element 
method and advanced computing capabilities, high quality computational pre-
processors, solvers and post-processors available, it is now possible to analyse more 
complex cable behaviour which includes the full 3D geometry and accurate material 
parameters (linear and non-linear). 
 
This chapter details the development of full 3D models capable of accurately 
predicting the complete mechanical multi-layer behaviour of spiral strand cables, 
including the elasto-plastic deformation, complicated contact evolution, and the local 
material failure. This chapter is organised as follows: A novel procedure to generate 
3D FE models for multi-layer spiral strands cables is given in Section 4.2, the 
modelling details of two spiral strand cables are presented in Section 4.3, followed by 
detailed results and discussion in Section 4.4, with the main conclusions given in 
Section 4.5. 
 
4.2 Procedure to generate 3D FE model 
An effective procedure to generate 3D FE models of complicated spiral strand cables 
has been devised and the basic steps are given here using a 7-wire strand cable as an 
example (Fig. 4.1). This cable consists of one straight central circular wire and six 
circular helically spun outer wires. The geometry is characterised by the central core 
wire radius Rc, the helical wire radius Rh and the lay angle α measured with respect to 
the strand longitudinal axis. First, the central core wire is discretised by 8-noded, fully 
integrated solid elements. To accurately capture the radial contact with adjacent wires 
under the application of load (axial or transverse), and in essence a near totally 
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circular wire cross-section, a relatively large number (20 herein) of elements was used 
on the circumference direction of each wire to form a fine symmetric mesh in cross-
section (Fig. 4.1c). The result of which is that each wire contains 105 elements in 
cross-section. The size of these elements governs the longitudinal length of each 
element down the length of the wire in order to satisfy sensible aspect ratio 
requirements. Albeit there is an increased computational cost, the implication of 
coarsening the mesh would result in non-realistic sharp nodal point contacts on the 
surface of each individual wire.   
 
  
 
(a) (b) (c) 
Fig. 4.1 Construction of the FE model of a 7-wire strand cable 
 
Then each subsequent wire (6 in the outer layer) was constructed separately in the 
same manner and positioned around the central wire using approximate cross-
sectional wire coordinates until all seven wires were positioned parallel to one another 
as shown in Fig. 4.1a. A JavaScript in Oasys PRIMER (Oasys Ltd, 2009) was then 
developed to morph the geometry of the outer layer of wires around the central wire 
to create the helical spiralling based on the lay length and lay angle for this specific 
cable. The density of the mesh (as described above) enabled this process to be 
achieved without heavily distorting the circular cross-section whilst maintaining 
sensible radial contact surfaces. Oasys PRIMER is a pre-processor designed to 
prepare and modify models for analysis in LS-DYNA (LSTC, 2007).    
 
Unlike the method used in previous 3D FE studies (Jiang et al, 1999 and 2000) where 
the helical geometry of each wire was generated by linear z-axis extrusion of a 
circular surface along a helical curve, the script developed in this study uses a 
continuous element morphing process which is applied along the length of the cable. 
Rc Rh 
α 
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Here, the last 4 nodes of each 8-noded solid element are rotated by an angle θr relative 
to both the length of the element and lay length of the layer in which they are located. 
The cross-sectional centroid of the cable is used as a point of rotation. The rotation 
angle θr in degrees is given by 
 
                                                      
E
r Lp /
360                                                        (4.1) 
 
where p is the lay length and LE is the individual element length which is constant 
along the lay length. This is conducted by looping through all elements along the 
length of all straight wires from one end to the other until all elements are morphed 
hence creating a helical spiral. This method can be used to construct spiral strands of 
any diameter, given the lay lengths and lay angles. Another example is shown in Fig. 
4.2 for a 60 mm diameter spiral strand cable with 120 wires which has also been 
analysed and used for high velocity fragment impact studies. It must be noted, 
however, that the twisting of the wires is not representative of typical manufacturing 
practice for spiral strand cables. Round wires are typically bent into their helical 
shapes without twisting. This is not critical here as the element morphing procedure is 
purely a geometrical pre-processing method and therefore torsional stresses and 
strains are not induced as a result. It does however require careful consideration if the 
residual stresses from the cable stranding processes during manufacture were to be 
considered in the model.  
 
  
Fig.4.2 The FE model of 120-wire spiral strand cable 
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4.3 Examples and FE modelling 
Two spiral strand cables, one which is 11.4 mm in diameter with 7 wires (Fig. 4.1), 
and another which is 60 mm in diameter with 120 wires (Fig. 4.2), were modelled 
under quasi-static axial loads. 
 
4.3.1 The 7-wire spiral strand 
Six 7-wire 11.4 mm diameter spiral strands, of the form shown in Fig. 4.1, were 
modelled initially because they have been widely studied by others (Ghoreishi et al, 
2007, Jiang et al, 1999 and 2000) and detailed experimental data are available for 
comparison (Utting and Jones, 1985 and 1987). 
 
Table 4.1 lists the main geometric parameters taken directly from Utting and Jones 
(1987) and used in this study. The length is 200 mm and the mesh (part shown in Fig. 
4.1) has 147,000 8-noded solids elements and 163,212 nodes in all of the 7-wire cable 
models. The six cables (I-VI) have different lay angles and lay lengths. 
 
Table 4.1 Geometrical data for the 7-wire strand cables (Utting and Jones, 1987) 
Strand 
Diameter 
(mm) 
Central wire 
diameter 
(mm) 
Helical wire 
diameter (mm) 
Lay length  
(mm) 
Lay angle (°) Helix angle (°)
11.4 3.94 3.73 (I) 78.66 17.03 72.97 
   (II) 96.69 13.99 76.01 
   (III) 105.00 12.92 77.08 
   (IV) 111.41 12.20 77.80 
   (V) 125.38 11.03 78.97 
   (VI) 148.27 9.23 80.77 
 
4.3.2 The 120-wire spiral strand 
The 120-wire spiral strand cable consists of one central circular straight wire and six 
concentric layers, each helically wound in opposite directions over one another 
around the central wire. The geometric parameters for this cable were provided by 
Bridon International Ltd and are listed in Table 4.2. It should be noted that the wires 
in the second layer of this cable have slightly different diameters (3.2 mm and 4.3 
mm), but to simplify the morphing script, the same diameter of 3.2 mm was used, 
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whilst ensuring that the net cross-sectional area and associated axial stiffness of the 
cable was not greatly altered. The length of the model is 200 mm and the mesh with a 
part shown in Fig. 4.2 has 2,520,000 8-noded solids elements and 2,797,920 nodes. 
 
Table 4.2 Geometrical data for the 120-wire 60 mm diameter spiral strand cable 
Layer No. of wires Wire diameter Lay length p 
Central wire 1 5.8 mm N/A 
1 7 4.3 mm 150 mm 
2 17 3.2 mm 210 mm 
3 14 5.3 mm 320 mm 
4 21 5.0 mm 420 mm 
5 27 5.0 mm 520 mm 
6 33 5.0 mm 620 mm 
 
 
4.3.3 Material parameters 
The material model *MAT_PLASTIC_KINEMATIC with von Mises yield criterion 
and bilinear isotropic strain hardening, available in LS-DYNA as discussed Chapter 3 
was used to model the elastic-plastic behaviour of the cold drawn steel wires. The 
following properties were used for both the 7-wire and 120-wire spiral strands: the 
Young’s modulus E = 188 GPa, the Poisson’s ratio υ = 0.3, the yield stress σ0.2 = 
1.540 GPa and the plastic hardening modulus of Ep = 24.6 GPa. They were obtained 
from; typical uniaxial tensile tests of 1770 grade wires carried out by Bridon 
International Ltd (Chapter 2); and from those highlighted by Jiang et al. (1999 and 
2000) in accordance with Walton (1987) and Utting (1984). 
 
 
4.3.4 Breaking load data 
In all of the previous studies, attention has been focused on cable responses at small 
axial strains or working stress levels, and the breaking loads were not modelled. 
However, the breaking loads are of major interest to designers and manufacturers as 
discussed in Chapter 2. 
 
In the present study, it is this quantity that will be affected most by the damage 
induced by the impact of explosively launched fragmentation. The breaking load of a 
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cable will be reduced as a result of on the damage that is sustained; therefore, it is 
important to have an appreciation of the resistance of a cable to rupture or breakage 
when damaged and to have the capability of predicting how it will behave in such a 
scenario. 
 
The breaking loads with details of failure modes of six 7-wire strand cables were 
obtained, and are highlighted in Table 4.3, extracted from Utting and Jones (1987) 
and will be used to validate the 7-wire strand models developed in this chapter.  
 
Table 4.3 Breaking loads and types of fracture for 7-wire strand  
(Utting and Jones, 1987) 
Strand No. Breaking load (kN) Fracture description 
(I) 137 
 
All wires severed about 1/3rd of strand length 
from grip. ‘Birdcaging’ about 70 mm from 
both ends. Largest ‘birdcage’ (50 mm dia.) in 
longer length of broken strand. 
 
(II) 139.6 
 
All wires severed about 220 mm from 
opposite load cell. Double ‘birdcage’ 
covering full wire lay length at load cell end. 
 
(III) 138.6 
 
Four helical wires broken at end grip. Broken 
wires ‘birdcaged’ at opposite end grip. 
 
(IV) 145.4 
 
All wires severed about 190 mm from load 
cell end. Double ‘birdcage’ at opposite end. 
 
(V) 136.7 
 
All wires severed about 160 mm from load 
cell end. Double ‘birdcage’ at opposite end. 
 
(VI) 137.9 
 
One helical wire broken just inside end grip. 
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Snaked loose from remaining wires over 
whole length. Formed a ‘single wire birdcage. 
 
 Mean breaking load = 139.2 kN 
 
Validation of the 120-wire spiral strand will be based on the experimental load-
elongation curve to cable breaking provided by Bridon International Ltd. 
 
From the fracture descriptions highlighted in Table 4.3, the term ‘birdcage’ is used to 
describe the way in which wires in a failed cable de-coil (spring back and unwind) 
into what looks like a birdcage. Some typical examples of this phenomenon are shown 
in Fig. 4.3 for cables tested to destruction by Bridon at their manufacturing plant in 
Doncaster. 
 
 
 
  
Fig. 4.3 Examples of birdcaging in broken spiral strands 
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To predict the cable breaking loads, a failure criterion is needed. The material model 
used here (see Section 4.3.3) is coupled with an element-kill algorithm which erodes 
elements when a user specified failure strain is reached. Based on the mechanical 
material data obtained from Bridon for both 3.73 mm and 5 mm diamater 1770 grade 
wires, failure strains of 0.05 and 0.1 were used for the 7-wire and the 120-wire cables, 
respectively. 
  
It must noted here that such a failure criterion is simplified and adequate for use in a 
simulation such as this, but for high velocity fragment impact studies a more 
comprehensive failure criterion is required as discussed in Chapter 3.  
 
4.3.5 Contact modelling 
Two physical types of contacts exist in spiral strand cables. The first is the line-to-line 
contact between adjacent parallel wires within a layer. The second type of contact 
occurs where two wires in adjacent layers cross at an oblique angle, producing a 
point-to-point contact. These contacts are typically described as trellis point contacts 
and can induce much higher contact stresses than those from the line-to-line contacts 
due to stress concentrations at the contact point (Hobbs and Raoof, 1996). To simplify 
the model construction, both types of contacts were modelled as surface-to-surface 
contact pairs between all wires because the contacting lines and points will become 
contacting surfaces after deformation. The automatic single surface contact algorithm 
*AUTOMATIC_SINGLE_SURFACE in LS-DYNA (LSTC, 2007) was used in the 
simulations to prevent surface penetration. The principles of contact mechanics in LS-
DYNA are described in Chapter 3. A friction coefficient of 0.115 (Jiang et al, 1999 
and 2000) was used in all simulations to account for wire to wire friction during 
loading. 
 
4.3.6 Cable-end boundary conditions 
One end of the cable was fully fixed in all degrees of freedom. At the loading end, 
two boundary conditions, referred to as fixed-end and free-end, were modelled for the 
7-wire spiral strand. The fixed-end condition constrains all degrees of freedom except 
the translation along the longitudinal axis of the cable. The free-end condition permits 
all nodal translations and rotations, allowing the wires to rotate and straighten out. 
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Only the fixed-end boundary condition was modelled for the 120-wire cable at the 
loading end. The reason for this is that the test data provided by Bridon was from a 
strand which was terminated at each end with large socket end-fittings, thus 
constraining the ends of the wires from translating perpendicular to the direction in 
which the load is being applied or rotating within the socketing medium. The axial 
load was applied as a longitudinal displacement up to cable failure in all models. 
 
4.4 Results and discussion 
4.4.1 The 7-wire spiral strand 
Fig. 4.4 compares the cable axial load-axial strain curves of Cable (I) up to ɛa = 0.015, 
obtained from the experiments of Utting and Jones (1987), the theoretical study of 
Costello (1978), the concise finite element method of Jiang et al (1999), and the 
present full 3D FE simulations. It can be seen that all the methods predicted results in 
good agreement with experimental data until around ɛa = 0.006. After this strain, the 
elastic theoretical results deviated from the nonlinear experimental data, whereas both 
the concise FE studies and the present 3D simulations accurately predicted the full 
cable behaviour for both boundary conditions. Closer examinations of stress contours 
(Figs. 4.5-4.8 below) show that, when ɛa reaches about 0.006, the wires begin to yield 
locally at the points of contact between the helical wires and the central wire. This 
corresponds to the commencement of nonlinearity on the cable axial force-axial strain 
curves in Fig. 4.4. When ɛa reaches 0.009 or so, the bulk of the strand material has 
yielded. This is also reflected in Fig. 4.4 by the start of flattening of the curves.  
 
As observed in the experiments (Utting and Jones, 1987) the load-axial strain curves 
became non-linear at lower loads in the free-end case than in the fixed-end boundary 
condition, which is also captured by the FE simulations (Fig. 4.4). This is due to 
earlier yielding of the central wire as a result of highly non-uniform stress 
development in the free-end condition, as discussed below. 
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Fig. 4.4 Axial load-axial strain curves of the 7-wire strand (Cable (I)) 
 
Figs. 4.5 and 4.6 show the Von Mises stress contours on the centrally-cut, 
longitudinal section of the cable at ɛa = 0.002, 0.006 and 0.010 for the fixed-end and 
free-end boundary condition, respectively. The longitudinal axial stress (σz) contours 
on the same section are shown in Figs. 4.7 and 4.8.  
 
   
(a) ɛa = 0.002 (b) ɛa = 0.006 (c) ɛa = 0.010 
Fig. 4.5 Von Mises stress on the centrally-cut longitudinal section for the fixed-end 
boundary condition 
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(a) ɛa = 0.002 (b) ɛa = 0.006 (c) ɛa = 0.010 
Fig. 4.6 Von Mises stress on the centrally-cut longitudinal section for the free-end 
boundary condition 
 
   
(a) ɛa = 0.002 (b) ɛa = 0.006 (c) ɛa = 0.010 
Fig. 4.7 Axial stress on the centrally-cut longitudinal section for the fixed-end 
boundary condition 
 
   
(a) ɛa = 0.002 (b) ɛa = 0.006 (c) ɛa = 0.010 
Fig. 4.8 Axial stress on the centrally-cut longitudinal section from the free-end 
boundary condition 
 
As shown in Figs. 4.5-4.8, the loading end boundary conditions have significant 
effects on both the Von Mises and the axial stress distributions, especially at high 
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axial strain. In the fixed-end case, the central wire is subjected to both increasing 
longitudinal axial stress and transverse contact stress induced by the helical wires 
continuously pressing on the central wire under diametrical contraction of the spiral 
strand. In the free-end case, the helical wires are essentially free to rotate and begin to 
straighten out, resulting in lower transverse contact stress than that under the fixed-
end case. The rotational constraints and induced higher contact stress from the fixed-
end boundary condition resulted in higher stress and more uniform stress distributions 
at the same strain (Fig. 4.5c and Fig. 4.7c) than from the free-end condition (Fig. 4.6c 
and Fig. 4.8c). In addition, it can be seen that at εa = 0.010, all the wires have already 
yielded with Von Mises stress over σ0.2 = 1540 MPa and they are in the strain-
hardening stage (Fig. 4.5c) under the fixed-end condition, while the helical wires are 
still partly in the elastic stage under the free-end condition. Therefore, it can be 
concluded that stronger cable end constraints will lead to higher cable axial stiffness 
(also see Fig. 4.4), higher loading capacity, and more efficient use of all wires. This 
implies that the quality of the cable end terminations is crucial for the cable to achieve 
its designed loading capacity.  
 
Fig. 4.9 shows the predicted full axial load-axial strain curves of all the six 7-wire 
strands tested by Utting and Jones (1987). The fixed-end boundary condition was 
used in all the cases. In the numerical simulations, the cables fractured at breaking 
loads from 136.0 kN to 147.3 kN with an average value 141.7 kN. These values are 
very close to experimental values highlighted in Table 4.3 where the breaking loads 
varied from 136.7 kN to 145.4 kN with an average 139.2 kN. No full axial load-axial 
strain curves until cable breaking were reported in the tests for comparison. From Fig. 
4.9, it can also be seen that a higher lay length or a smaller lay angle (refer to Table 
4.1) leads to higher cable axial stiffness and higher breaking load. This is because a 
shorter lay length results in a more non-uniform stress distribution between the central 
wire and the spiral wires; in other words, the central wire fails earlier when the lay 
length is shorter because it attracts more loads than spiral wires. 
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Fig. 4.9 Full axial load-axial strain curve from 3D FE simulation of 7-wire strands 
with different lay angles 
 
In all the simulations, the cables failed by rupture at the loading ends and birdcaging 
at the fixed end, which is often observed in cable tests as shown in Fig. 4.3. A typical 
failed 7-wire strand from the FE modelling is illustrated in Fig. 4.10. 
 
  
Fig. 4.10 Typical failure of 7-wire strand 
 
Each 7-wire strand model was run on a Dell Precision T5400 64-bit standard 
workstation with 4 CPUs and 32 GB RAM using the LS-DYNA explicit solver 
(release 4.2.1) with double precision. Each model took approximately 12 hours to run. 
 
4.4.2 The 120-wire spiral strand 
The 120-wire spiral strand cable was modelled as the second example. Cable 
specimens of 6 m length were tested by Bridon. The specimens were socketed at both 
ends in the tests. FE modelling of a 200 mm long cable with the mesh in Fig. 4.2 was 
carried out, with the fixed-end boundary condition applied at the loading end. 
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Fig. 4.11 compares the axial load-axial strain curve from the numerical simulation 
with the test data provided by Bridon (Appendix C). Good agreement can be seen. In 
particular, the predicted peak load 3415 kN is very close to 3580 kN from the test and 
the minimum breaking load 3460 kN (Bridon Structural Systems, 2007). Fig. 4.12 
shows the development of Von Mises stress in the cable from initial yielding to the 
peak point stage. Yielding starts in the central core wire and the contacting surfaces 
between the central core wire and those in the inner layers 1 and 2 (refer to Table 4.2) 
when the axial strain reaches ɛa = 0.007 (Fig. 4.12a). Yielding then gradually 
propagates outwards into the outer layers as ɛa increases and diametrical contraction 
occurs in the cable, through the trellis point contacts between the wires in adjacent 
layers (Fig. 4.12b-c). The effect of the trellis point contacts can also be reflected in the 
complex 3D stress concentration pattern in the spiral wires as shown in Fig. 4.13 as an 
example. 
 
Fig. 4.11 shows that the FE modelling predicted a steeper slope in the elastic stage 
than the test but is more theoretically correct based on the tabulated axial stiffness 
reported (Bridon Structural Systems, 2007) for this cable which is EA = 350,000 kN. 
It should be noted that, the sudden vertical drop of load in the test curve in Fig. 4.11 
represents the beginning of wire rupture, as the post-peak part cannot be accurately 
measured by a force-controlled testing method. What commonly occurs in reality is 
that the most highly stressed wires fracture first, followed by rupture of neighbouring 
wires in other layers at different times. Consequently, a stepped softening stage 
representing gradual loss of cable loading capacity should be expected. This is well 
captured by the present FE modelling, as demonstrated in Fig. 4.11, and Fig. 4.14 
which highlights the ruptured wires at post-peak stage with ɛa = 0.080. 
 
There is no doubt that the residual stresses from the wire drawing and cable stranding 
processes during manufacture have an effect on both the yielding behaviour and 
fracture characteristics of the cable. This may partly explain the slight discrepancy 
between the experimental and numerical results in Fig. 4.11. The absence of 
modelling the residual stresses from manufacturing may have also led to the 
prediction of near simultaneous multiple wire breakage, which contradicts typical test 
observations which show that the outer layer wires break first when tested to 
destruction. 
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Fig. 4.11 Variation of axial load with strand axial strain for 60 mm spiral strand 
 
 
 
   
(a) ɛa = 0.008 (b) ɛa = 0.010 (c) ɛa = 0.012 
Fig. 4.12 Von Mises stress contours on the centrally-cut longitudinal section during 
strand yielding 
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 Fig. 4.13 Complex stress concentration 
pattern in the spiral wires at ɛa = 0.03 
 Fig. 4.14 Rupture of internal wires at  
ɛa = 0.08. 
 
The 120-wire strand model was run on a Dell Precision T5400 64-bit standard 
workstation with 4 CPUs and 32 GB RAM using the LS-DYNA explicit solver 
(release 4.2.1) with double precision. Each model took approximately 20 hours to run. 
 
4.5 Concluding Remarks 
Full 3D elasto-plastic finite element models of multi-layer spiral strand cables with 
complicated geometry and contact conditions have been developed in this chapter. 
They have been validated with high fidelity against existing experimental data and 
observations of two cables subjected to quasi-static loadings. Compared with previous 
analytical and numerical models, the developed models can predict a more complete 
range of realistic parameters.  Existing models have been able to simulate the global 
responses of complicated cables such as the axial stiffness and load-carrying capacity 
that are needed for structural design. However, the extended numerical model 
developed here can also model the highly non-linear local effects. This accounts for   
non-uniform stress levels among wires, localised yielding, plastic hardening, and 
mechanisms of final cable failure. These can be utilised to optimise key geometric 
parameters such as the lay length, the lay angle, the number of layers, the diameters 
and locations of wires in a specific layer, for cable designs with best performance but 
least materials.  
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Further development of the numerical model is required to incorporate the residual 
stresses induced by the cable manufacturing process and to investigate the model’s 
applicability to accurately model torsion, bending and axial response at different twist 
and torque reaction conditions. The 60 mm diameter spiral strand developed here is 
used further in following chapters for high velocity fragment impact studies. 
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Chapter Five 
  
 
Experimental Fragment Impact Tests 
 
5.1 Introduction 
The cable chosen for investigation in the present study is a 60 mm diameter spiral 
strand which consists of 120-wires with nominal ultimate tensile strength (UTS) of 
1770 MPa. The geometric details of the strand are outlined in Chapter 4. Six 1-m long 
cable samples were provided by Bridon for fragment impact testing at the Bashforth 
Laboratories at Shrivenham Defence Academy. The samples were mechanically fitted 
with wrap-around steel coils at both ends to mimic the end conditions when socketed 
into steel end terminations. The length of the coils with respect to the cable sample 
lengths was approximately 300 mm. The testing provided a good understanding of the 
sort of damage that might be induced in a structural cable when subjected to high 
velocity fragment impact.  
 
In practice, the cables would be subjected to an axial tension before and during 
impact; however, due to restrictions within the firing range the cables could not be 
tensioned and further tests are required to consider this as outlined in Chapter 8. 
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5.2 Test-set up 
The cable samples were clamped to a single test frame as shown in Fig. 5.1.  
 
(a) powder gun (b) test frame 
Fig 5.1 Typical test set-up 
 
The 20 mm FSP’s (Army Research Laboratory, 2008) (as discussed in Chapter 2) 
were fired from an Oerlikon Powder Gun with a 20 mm barrel, fitted to UK No.4 
proof housing. The cartridge case was 20 mm x 128 mm and filled with 10-45g of 
Vihtavuori N160/165 propellant for firing (Fig. 5.1a). 
 
The velocities were recorded at two points in transit using a Weibul W700 Doppler 
Radar optical measurement system located within the floor of the firing range (Fig. 
5.1a).  
 
The velocities considered for zero obliquity impacts were Vi = 1328 m/s, 680 m/s, 580 
m/s, 501 m/s, 360 m/s and 297 m/s, respectively. A single test was also conducted in 
which the impact angle was set to 45° by horizontal rotation of the sample as shown 
in Fig. 5.2. In this instance, the fragment velocity was set at a mid-point value of 640 
m/s.  
Cable 
Sample 
Steel 
coil 
Steel 
coil 
Initial velocity 
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Fig 5.2 Sample rotation for 45° fragment impact at Vi = 640 m/s 
 
A Phantom V12 monochrome high speed video camera was used to capture each of 
the impact events. The camera was located just to the left of the test rig out of sight in 
Fig. 5.2. 
 
Given the limitation on samples provided, no repeat tests were conducted.  
 
5.3 Test Results 
5.3.1 General Observations 
Figs. 5.3 and 5.4 show the damaged cables after impact for all velocities considered. 
In all tests the fragments did not perforate the cables and significant penetration was 
observed only for Vi = 1328 m/s and 680 m/s. All the damage was localised to an 
impact zone of approximately 200-250 mm in length along the samples.  
 
45° 
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(a) Vi = 1328 m/s (b) Vi = 680 m/s 
  
(c) Vi = 580 m/s (d) Vi = 501 m/s 
  
(e) Vi = 360 m/s (f) Vi = 297 m/s 
Fig. 5.3 Fragment damaged cables (angle of impact = 0°) 
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Fig. 5.4 Fragment damaged cables at Vi = 640 m/s (angle of impact = 45°) 
 
Significant wire splay (horizontal wire translation) at the impact zone was observed 
for the highest impact velocities (Vi = 1328 m/s and 680 m/s at an impact angle of 0° 
and 640 m/s at an impact angle of 45°).  
 
Wire flattening was also observed at the point of impact based on observations of the 
damaged cable samples. This is discussed in more detail further below. 
 
It was found from post inspections that a number of wires at the ends of the cable 
samples had been pulled through the steel coils on impact. This occurred in all tests 
but was most severe for the tests at Vi = 1328 m/s and 680 m/s at 0° impact angle and 
Vi = 640 m/s at 45° impact angle. This is shown in Fig. 5.5 and is considered to be an 
experimental error and not representative of what would happen if the ends of the 
cables were fully terminated within socketed terminations where all wires would be 
anchored in a zinc cone.  
 
   
(a) 1328 m/s (b) 680 m/s (c) 640 m/s 
Fig. 5.5 Wires pulled through coils at ends of cable samples 
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The global cable displacement on impact was most significant at Vi = 1328 m/s as 
indicated by the local bulging of the distal boundary (rear of the cable) on impact as 
highlighted in Fig. 5.13. The global displacement of all other cables at lower impact 
velocities was negligible. This is considered to be a result of the fragment impact 
velocity, bending stiffness of the 1-m long 60 mm spiral strand samples and the test-
set up. Further investigations are required which consider longer length samples as 
discussed in Chapter 8.  
 
 
Fig. 5.13 Cable displacement and local bulging for Vi = 1328 m/s 
 
5.3.2 Wire Failure Mechanisms  
The individual wire failure mechanisms appear to be complex. Based on a visual 
inspection, the dominant failure mode appears to be a flattening to breakage 
mechanism. This failure mode is believed to be a combination of initial compression 
(squashing) and shear eventually transitioning to tensile failure. Fig. 5.14 and 5.15 
show close up images of the failed wires which were subjected to Vi = 1328 m/s and 
680 m/s. 
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Fig. 5.14 Wire failure modes for Vi = 1328 m/s 
 
 
Fig. 5.15 Wire failure modes for Vi = 680 m/s 
 
The same failure mode was also observed at Vi = 580 m/s, 501 m/s and 360 m/s as 
shown in Fig. 5.16. 
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(a) Vi = 501 m/s (b) Vi = 360 m/s 
Fig. 5.16 Wire failure modes for (a) Vi = 501 m/s  
and (b) Vi = 360 m/s 
 
5.3.3 Metallurgical Examination 
To further understand the wire failure modes, a metallurgical assessment was carried 
out on a number of damaged wires taken from the damaged cable samples and one 
from an undamaged wire provided by Bridon International Ltd. The un-damaged wire 
sample was used only for a general reference study of the cold drawn microstructure.  
 
As discussed in Chapter 2, the cold drawing process produces important micro-
structural changes which influence the strength of the material. The cold drawing 
process results in the elimination of the ductile micro-structural slip planes, producing 
an elongated, aligned and closely packed anisotropic microstructure. Figs. 5.17a-c 
show this microstructure for a 5 mm diameter un-damaged wire using a light 
microscope.  
 
Figs. 5.17d-f shows the microstructure at the sheared end of the specimen. 
 
   
(a) Long (25 x mag.) (b) Edge (200 x mag.) (c) Centre (400 x mag.) 
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(d) Cut sect (25 x mag.) (e) Cut sect (100 x mag.) (f) Cut sect (200 x mag.) 
Fig. 5.17 Microstructure of 5 mm diameter un-damaged wire 
 
Figs. 5.18a-b show the inner and outer wire coating. 
 
  
(a) Zinc inner coating (1000 x mag.) (b) Zinc outer coating (600 x mag.) 
Fig. 5.18 Inner and outer zinc coating 
 
Figs. 5.19a-c show the central region of a damaged wire taken from the cable 
subjected to Vi = 1328 m/s. The images were captured using a scanning electron 
microscope (SEM) at different magnification. The failure mechanisms appear to be 
complex and involve a combination of compression, smearing, tearing and shear with 
associated ductile flow lines.  
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(a) Overall damage: Vi = 1328 m/s (SEM 10 x mag.) 
  
(b) Overall damage: Vi = 1328 m/s 
(SEM 15 x mag.) 
(c) Central region 1: Vi = 1328 m/s 
(SEM 250 x mag.) 
 
(d) Central region 1: Vi = 1328 m/s (SEM 4000 x mag.) 
Fig. 5.19 SEM inspection of damaged wire for Vi = 1328 m/s 
Central 
region 1 
Central 
region 2 
Edge region  
Flow lines  
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Figs. 5.19c and d show the ductility of the damaged surface. This is indicated by the 
smearing and dimpled appearance caused by ductile tearing (ASM Handbook, 2002). 
The dimples form by a process referred to as Microvoid Coalescense (MVC) where 
voids nucleate (initiate), grow, and coalesce to develop the final fracture surface that 
is dimples. In the testing this would have occurred very quickly and possibly at high 
temperature. This will be shown at greater magnification further down for other 
fragment velocities. 
 
  
(d) Central region 2: Vi = 1328 m/s 
(SEM 50 x mag.) 
(e) Central region 2: Vi = 1328 m/s 
(SEM 250 x mag.) 
Fig. 5.20 SEM inpsection of slip-plane cracking on central region 2 of damaged wire 
for Vi = 1328 m/s 
 
Fig. 5.20a shows what appears to be interlayer slip as indicated by the overlapping 
planes at the bottom of Fig. 5.20a. The slip appears to have a well defined smoothed 
edge with a clear separation gap. This possibly suggests that it may not be slip but 
ductile thinning of overlapping material which has come to rest at that location. Fig. 
5.20b shows some ductile crack growth along a shear plane which has possibly been 
caused by smear dragging along the edge as indicated by the elongated dimples in the 
bottom right of Fig. 5.20b. 
Fig. 5.21 again shows the ductile flow of the material and clearly indicates the 
smearing lines induced by the fragment on impact. 
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Fig. 5.21 Typical smearing of microstructure on impact on central region 2 of 
damaged wire for Vi = 1328 m/s  
(SEM 500 x mag.) 
As indicated in Fig. 5.19a the fragment induces a ductile thinning to failure 
mechanism in the wire. Fig. 5.22 shows the microstructure of the edge of the damaged 
wire sample for Vi = 1328 m/s. 
 
 
(a) Edge region (SEM 100 x mag.) (b) Edge region (SEM 500 x mag.) 
Fig. 5.22 SEM inpsection of edge region of damaged wire for Vi = 1328 m/s 
 
The failure mechanisms were similar in the wires for all but the lowest fragment 
velocity (Vi = 297 m/s) and SEM inspections were carried out on wires from each as 
shown below.  
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(a) Overall damage: Vi = 680 m/s (SEM 10 x mag.) 
  
(b) Base region: Vi = 680 m/s (SEM 
100 x mag.) 
(c) Base region: Vi = 680 m/s (SEM 100 x 
mag.) 
  
(d) Base region: Vi = 680 m/s (SEM 
2000 x mag.) 
(e) Base region: Vi = 680 m/s (SEM 
4000 x mag.) 
Fig. 5.23 SEM inspection of base region of damaged wire for Vi = 680 m/s 
Large 
anisotropic 
crack 
Ductile MVC 
Ductile tearing 
Base region 
Edge region 
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Fig. 5.23a shows a similar surface to that shown in Fig. 5.19 with the exception of 
what appears to be a large anisotropic crack. This may have been caused by a pre-
occupant irregularity or a result of the anisotropic nature of the microstructure 
resulting in a weakness in the transverse direction across the wire. Figs. 5.23b-e 
display the ductile tearing across the service resulting from MVC. 
 
Fig. 5.24 shows the edge region clearly indicating the smearing lines from the 
fragment impact. 
 
  
(a) Edge region: Vi = 680 m/s 
(SEM 250 x mag.) 
(b) Edge region: Vi = 680 m/s 
(SEM 1000 x mag.) 
Fig. 5.24 SEM inpsection of edge region of damaged wire for Vi = 680 m/s 
 
 
Smearing 
Ductile MVC 
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(a) Overall damage: Vi = 580 m/s (SEM 10 x mag.) 
  
(b) Central region: Vi = 580 m/s (SEM 
4000 x mag.) 
(c) Central region: Vi = 580 m/s (SEM 
8000 x mag.) 
Fig. 5.25 SEM inpsection of damaged wire for Vi = 580 m/s 
. 
  
(a) Edge region: Vi = 580 m/s 
(SEM 50 x mag.) 
(b) Edge region: Vi = 580 m/s 
(SEM 250 x mag.) 
Slip planes 
Edge region Central region 
Ductile MVC 
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(c) Edge region: Vi = 580 m/s 
(SEM 3000 x mag.) 
(d) Edge region: Vi = 580 m/s 
(SEM 4000 x mag.) 
Fig. 5.26 SEM inpsection of edge region of damaged wire for Vi = 580 m/s 
 
 
 
(a) Overall damage: Vi = 501m/s (SEM 15 x mag.) 
Ductile MVC 
Slip planes 
Flow lines 
Central region 
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(b) Central region: Vi = 501 m/s 
(SEM 100 x mag.) 
(c) Central region: Vi = 501 m/s 
(SEM 500 x mag.) 
Fig. 5.27 SEM inpsection of damaged wire for Vi = 501 m/s 
 
 
  
(a) Edge region: Vi = 501 m/s 
(SEM 400 x mag.) 
(b) Edge region: Vi = 501 m/s 
(SEM 2000 x mag.) 
  
(c) Edge region: Vi = 501 m/s 
(SEM 4000 x mag.) 
(d) Edge region: Vi = 501 m/s 
(SEM 8000 x mag.) 
Fig. 5.28 SEM inpsection of edge region of damaged wire for Vi = 501 m/s 
 
Ductile tearing 
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This brief metallurgical assessment of the damaged wires has enabled the individual 
wire failure mechanism to be visualised and understood at a microscale. It appears 
that the failure mechanism is a complex one which is transitional and ductile in 
nature. It is believed that at the point of impact an intense compression is induced in a 
zone between the fragment and wires deeper into the cable leading to the wire 
material at the impact interface being transversely smeared creating shearing planes 
and tearing effects resulting in MVC.  
 
5.3.4 Fragment Simulating Projectile Deformation 
Fig. 5.29 shows the deformed FSPs after impact for Vi = 297 m/s, 680 m/s and 1328 
m/s. As expected, the plastic deformation and damage sustained by the FSP was so 
significant for Vi = 1328 m/s that its original shape became beyond recognition, while 
the impact at lower velocities led to mushroom-shaped fragments with clear 
indentations from the wires.  
   
   
(a) Vi = 297 m/s 
  
 
(b) Vi = 680 m/s 
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(c) Vi = 1328 m/s 
Fig. 5.29 Deformed fragments post impact 
 
5.3.5 Cable Damage Quantification 
The cable damage was quantified by the FPD, the number of layers penetrated, and 
the number of totally fractured wires through the cable cross-section. Fig. 5.30 shows 
the FPD plotted against fragment impact velocity, highlighting the fragment impact 
energy Ei and the number of layers penetrated. 
  
 
Fig. 5.30 The effects of impact velocity on fragment penetration depth (FPD) 
 
The fragment penetration depth (FPD) was measured after impact by recording the 
distance from the outer surface of the cable to the point at which fragment rebound 
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occurred within the strand, thus taking into account any indentation on the rebound 
surface. This was found to be less than half the diameter of the cables (< 30 mm) in 
all cases. There was no penetration and very minor indentation in the wires in the 
outer layer for Vi = 297 m/s (Figs. 5.3f and 5.11). The fragment penetration depth for 
Vi = 360 m/s was almost the same as that for Vi = 501 m/s even though the impact 
energy Ei was nearly double. Only the wires in the outer layer completely fractured 
for both velocities (Figs. 5.9 and 5.10). The damage levels in the cables became more 
significant when Vi > 600 m/s as more wires fractured in all layers (Figs. 5.3a and b). 
The FPD and the number of wires completely fractured were close for Vi = 680 m/s 
and 1328 m/s even though the impact energy Ei was nearly 4 times greater. This is 
believed to be a result of the energy dissipation resulting from the magnitude of wire 
splaying on impact (Figs. 5.3a and b) which was not observed in the other tests 
coupled with the extent of fragment deformation at Vi = 1328 m/s. The fragment 
penetration depth was greater at Vi = 580 m/s at 0° impact angle than Vi = 640 m/s at a 
45° impact angle. The increase in impact angle is believed to have degraded the 
performance of the fragment resulting in ricochet, hence making the fragment less 
efficient.  
 
5.3.6 Residual Capacity Estimation 
The residual load carrying capacity of damaged cables is a key parameter when 
considering overall structural robustness of the cable supported structure in the event 
of a blast. In the absence of physically subjecting the damaged cables to load-
extension tests, a preliminary estimation of the residual load carrying capacity is 
presented here. It is based on the reduced cross-sectional area of the cable after impact 
using the breaking load equation given in Eurocode 3: Design of steel structures Part 
1-11 (BSI, 2006).  
 
                            ܨ௠௜௡	 ൌ ௗ
మ	ோೝ	௄
ଵ଴଴଴ 	ሾ݇ܰሿ     (5.1) 
 
where d  is the diameter of the cable in mm (60 mm in this case) 
 K  is the breaking force factor (derived below) 
 Rr is grade of the wires in N/mm2 (1770 MPa in this case) 
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The breaking force factor is an empirical value used in the determination of the 
minimum breaking force and is given by the Equation 5.2. It is used to account for the 
fill factor (ratio of wire area/air voids) and load loss resulting from the layer lay 
lengths and lay angles as discussed in Chapter 2. 
 
ܭ ൌ 	గ	௙	௞ସ             (5.2) 
 
where f is the fill factor for the rope 
 k is the spinning loss factor 
 
The fill factor for spiral strands is 0.73 taken from Table 2.2 in Eurocode 3 Part 1-11 
(BSI, 2006). The spinning loss factor k is not stated in the code; however, given that it 
is a loss factor the value cannot be greater than unity. On that basis K = 0.5735 and 
Fmin = 3654 kN using the above parameters. Eurocode 3 Part 1-11 provides the 
following equation for calculating Am which is the nominal metallic cross-sectional 
area of the cable.  
 
                                              ܣ௠ ൌ 	 గ	ௗ
మ
ସ 	݂                (5.3) 
 
As above, taking f as 0.73, Am = 2064 mm2 for a 60 mm diameter cable. When 
multiplied by Rr (1770) the same breaking load is derived Fmin = 3654 kN. To back 
calculate the spinning loss factor, Fmin was checked against that tabulated by Bridon 
(Bridon Structural Systems, 2007) for the 60 mm diameter cables provided for impact 
testing in the present study (Table 5.1 below). 
 
Table 5.1 Spiral strand design data (Bridon Structural Systems, 2007) 
Product Code/ 
Strand Diameter 
Minimum Breaking 
Load (MBL) (kN) 
Design Resistance 
Z,rd = MBL / 1.5 / 1.1 (kN) 
Nominal Metallic 
Cross Section (mm2) 
SS 60 3460 2100 2120 
 
From Table 5.1, the breaking load differs from that calculated above in accordance 
with Eurocode 3 Part 1-11, along with the nominal metallic cross section. The values 
highlighted in Table 5.1 are based on ‘real’ manufactured products and 
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manufacturer’s breaking load tests. The variables that influence the breaking load are 
therefore the strength of the wires Rr, the nominal metallic cross section Am, 
associated fill factor f, and the spinning loss factor k. 
 
For the purpose of estimation, given that the samples were supplied by Bridon, Fmin 
has been calibrated against the data highlighted in Table 5.1 assuming Rr is constant at 
1770 MPa and d = 60 mm (both of which may vary in reality). On that basis, the fill 
factor f is increased slightly to 0.75 to achieve Am ≈ 2120 mm2 (Equation 5.2). To 
achieve Fmin ≈ 3460 kN (Equation 5.1) the spinning loss factor k is reduced to 0.922. 
The following equation is then used to determine the reduced cable breaking load.   
 
                        ܨ୫୧୬௥௘ௗ௨௖௘ௗ ൌ ஺೘ି஺ಿ೏ோೝ௞ଵ଴଴଴     (5.3) 
 
where ANd is the area of totally fractured and heavily indented wires for each fragment 
impact velocity. Wires that have not totally fractured through their cross-section will 
have reduced load carrying capacity if heavily indented. This has also been accounted 
for via a balance where if there is a reduction in wire cross-section ≥ 20% (through 
indentation) their area was also discounted from the calculation. The number of 
totally fractured and heavily indented wires Nd is plotted against fragment impact 
velocity in Fig. 5.31.    
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Fig. 5.31 The effects of impact velocity on the number of totally fractured and heavily 
indented wires 
 
In accordance with Fig. 5.31, the estimated residual load carrying capacity or reduced 
cable breaking loads were calculated and plotted against fragment impact velocity in 
Fig. 5.32.  
 
Fig. 5.32 The effects of impact velocity on the minimum breaking load of the cable 
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As is seen, there is a general reduction in load carrying capacity with an increase in 
fragment impact velocity and subsequent damage to the cable. The impact angle of 
45° at Vi = 640 m/s results in less damage than Vi = 580 m/s at 0° impact angle due to 
the disruptive effect the angle has on the trajectory of the fragment. An important 
observation from Fig. 5.32 is that the reduced breaking loads are not less than the 
design resistance of the cable Zrd = 2100 kN which possibly suggests that the cable 
would not totally rupture under the design axial load (which would also have partial 
safety factors applied) after such an impact occurs. However, this is based on the 
assumption that Equation 5.3 is valid and the load acting in the cable at the point of 
and after impact is static. For high-energy events such as the detonation of an 
explosive device, considerable dynamic loads may be induced in the cable resulting in 
further damage or even total rupture. Another consideration to make would be 
multiple fragment impacts on the same cable and damage sustained in neighbouring 
cables from such impacts.  
  
5.4 Concluding Remarks 
As highlighted by Borvik et al (2001a) given the highly complex nature of projectile 
impact, it is important to conduct some laboratory tests to validate and calibrate 
numerical simulations, especially if they are to be used for predictive purposes. 
Therefore, although the experimental testing highlighted in this chapter is limited it 
provided the necessary understanding of how the cables under consideration in the 
present study would respond (locally at the impact zone) when subjected to high 
velocity fragment impact. The observations of the testing have been used to validate 
the numerical impact modelling carried out in Chapter 6. It is acknowledged that 
further experimental testing is required as outlined in Chapter 8.  
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Chapter Six 
  
 
High Velocity Impact Numerical 
Simulations 
 
6.1 Introduction 
As discussed in Chapter 5, the cable chosen for investigation in the present study was 
a 60 mm diameter spiral strand which consists of 120-wires with nominal ultimate 
tensile strength (UTS) of 1770 MPa. The geometric and mechanical properties of the 
strand are outlined in Chapter 4. Chapter 5 presents the results of high velocity 
fragment impact tests on a number of 60 mm diameter spiral strand samples provided 
by Bridon International Ltd. This chapter details further development of the 60 mm 
diameter spiral strand model for use in high velocity fragment impact studies. The 
focus in the present chapter was placed on: 
 
 Preliminary calibration of the modified Johnson-Cook (MJC) constitutive 
relation (Borvik et al, 2001a) (Equation 3.19) and Cockcroft-Latham (CL) 
fracture criterion (Cockcroft and Latham, 1968) (Equation 3.27) for the wires 
of the cable and fragments. A comprehensive discussion on the development 
and use of these models for high velocity projectile impact studies is provided 
in Chapter 3. 
 
 Numerical simulations of the 60 mm diameter spiral strands subjected to 
impact from the 20 mm FSP at the velocities considered in the experimental 
testing. The results of which are compared directly to those obtained from the 
tests with the focus on localised damage. 
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 Numerical simulation of a ‘tensioned’ 60 mm diameter spiral strand subjected 
to impact from the 20 mm FSP. The aim was to establish whether the damage 
magnitude is greater than that induced in the un-tensioned cable. The highest 
fragment velocity was considered as it was the greatest damage inducer in the 
un-tensioned tests. 
 
 Numerical simulation of a vehicle skin fragment impact on an un-tensioned 
cable based on the vehicle fragmentation data provided by the Defence 
Science Technological Laboratories (DSTL) (Chapter 2). The aim was to 
compare the damage induced by 1) a vehicle skin fragment and 2) the FSP. 
For the purpose of this study, the FSP was considered to be representative of 
the harder fragments which may be deployed from a VBIED such a nut, bolt 
or part of a seat belt buckle or door locking mechanism. In the case of a 
PBIED it was assumed to be representative of a ball bearing. It is likely that 
larger harder materials would be deployed from such devices however this has 
not been considered in the present study. 
 
6.2  Finite Element Model 
6.2.1 Material Parameters  
6.2.1.1 1770 MPa (UTS) wires 
A limited identification procedure has been applied to determine the parameters for 
the MJC and CL models for the wires and fragment materials. For the wires, the yield 
stress A, the hardening parameters B and n, and the critical plastic work Wcr were 
determined by least square fitting of the Brigman corrected true stress-strain curve 
derived by Walton (1987) for 1770 MPa (UTS) wire used in spiral, locked coil and 
wire rope strand. Fig. 6.1 shows the comparison between the experimental curve and 
the MJC constitutive relation used in the numerical simulations. 
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Fig. 6.1 Equivalent stress-strain curve for 1770 MPa (UTS) wire: Comparison 
between the experimental tensile tests and the MJC constitutive relation 
 
Due to funding constraints, coupled with the lack of strain-rate sensitivity data 
available for high strength structural cable wire, the wires were assumed to be 
insensitive to strain rate. Borvik et al (2001a) highlights that with increasing static 
stress, material sensitivity to strain rate is significantly reduced in accordance with 
Hosford and Caddell (1993). This was observed physically in a study by Borvik et al 
(2009) on high strength steel alloys subjected to high strain rate tensile tests. This was 
highlighted in Chapter 3 where steels with similar static strengths to that of the wires 
appeared to be insensitive to strain rate.  
 
Galvez et al (2002) studied the effect of strain rate on steel wires, used in pre-stressed 
concrete applications, during cold drawing. It was highlighted that in modern drawing 
processes, the drawing speeds can reach values of 10 – 100 m/s which produce strain 
rates 103 s-1 or even 104 s-1. The aim was to establish the effect of such strain rates on 
the mechanical behaviour (yield strength and fracture) of the steel wires at different 
strain rates during cold drawing. The test specimens were short cylinders (4.5 mm in 
length and 3 mm in diameter) tested in a split-Hopkinson pressure bar (SHPB). Two 
types of cold drawn wires were considered; the first had been annealed after drawing; 
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and the second was a wire after 75% reduction by cold drawing (i.e. non-annealed). 
The effects of annealing the wires (Chapter 2) are highlighted in Table 6.1. 
 
Table 6.1 Mechanical properties of steel wires tested by Galvez et al (2002) 
Material 
Yield Strength 0.2% 
proof strength 
Tensile Strength Failure strain (%) 
Annealed (3mm dia) 210 (MPa) 294 (MPa) 32 (%) 
Non-annealed (3mm dia) 575 (MPa) 578 (MPa) 0.6 (%) 
 
Table 6.1 shows that after annealing the yield strength and tensile strength are reduced 
and the ductility is increased. However the strength of the wires is much less than that 
being considered in the present study and the ductility is much higher. The high strain 
rate testing on both wire types appears to show that they were strain-rate sensitive. 
Figs. 6.2 and 6.3 show the effects of strain rate on the true stress-strain behaviour of 
the wires from SHPB tests. 
  
 
Fig. 6.2 True stress-strain data for non-annealed wires after cold-drawing  
(Galvez et al, 2002) 
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Fig. 6.3 True stress-strain data for annealed wires after cold-drawing 
(Galvez et al, 2002) 
 
Galvez et al (2002) shows that at high strain rates the yield strength of the annealed 
drawn wires is triple the static strength while there is only a 30% increase for the non-
annealed drawn wires. It was noted that the annealing restored the mechanical 
properties initially but this was partially overcome by the high strain rates. It is 
unknown whether the same behaviour would be observed in the high strength wires 
being considered in the present study and further testing is required to confirm this, as 
suggested in Chapter 8. On that basis, the strain rate sensitivity parameter C was 
assigned a very small positive value to allow viscous regularisation (Borvik et al, 
2009). The thermal softening parameter m was taken as 1.0, which assumes a linear 
reduction in strength with increase in temperature which seems a reasonable 
assumption for steel. Again, as with the strain rate parameter, further testing on the 
wires at elevated temperatures is required to confirm this.  
 
The material parameters used in the simulations for wires of the strand are outlined in 
Table 6.2. The identification process for the parameters was discussed in Chapter 3.  
 
Table 6.2 Material parameters for the MJC constitutive relation and CL fracture 
criterion used for the wires the make up the 60 mm diameter spiral strand 
Elastic constants  
and density 
Yield stress and  
strain-hardening 
Strain rate  
hardening 
Cockcroft-Latham  
Failure 
E = 200 (GPa) 
߭ = 0.33 (MPa) 
A = 1980 (MPa) 
B = 375 (MPa) 
έ0 = 5 x 10-4 (s-1) 
C = 0.0010 
Wcr = 1350 (MPa) 
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ρ = 7850 kg/m3 n = 0.81 
Adiabatic heating and temperature softening 
Cp = 452 (J/kgK) 
χ = 0.9 
α = 1.1 x 10-5 
Tr = 293 (K) 
Tm = 1800 (K) 
m = 1.0 
Tc* = 1620 (K) 
 
The critical plastic work Wcr was calculated from the area beneath the true stress-
strain curve shown in Fig. 6.1. 
 
6.2.1.2 Fragment Simulating Projectile (FSP) 
The fragment simulating projectile is manufactured from cold rolled annealed steel 
conforming to 4337H and 4340H or equivalent and has a hardness value HRC 30±2. 
The material parameters used in the simulations have been taken directly from 
Johnson and Cook (1983). Johnson and Cook calibrated a range of materials used in 
ballistics based research in their 1983 paper and one of them was 4340H steel. The 
material parameters are highlighted in Table 6.3. 
 
Table 6.3 Material parameters for the MJC constitutive relation and CL fracture 
criterion used for FSP 
Elastic constants  
and density 
Yield stress and  
strain-hardening 
Strain rate  
hardening 
Cockcroft-Latham  
Failure 
E = 200 (GPa) 
߭ = 0.33 (MPa) 
ρ = 7850 kg/m3 
A = 792 (MPa) 
B = 510 (MPa) 
n = 0.26 
έ0 = 5 x 10-4 (s-1) 
C = 0.0140 
Wcr = 1350 (MPa) 
Adiabatic heating and temperature softening 
Cp = 452 (J/kgK) 
χ = 0.9 
α = 1.1 x 10-5 
Tr = 293 (K) 
Tm = 1800 (K) 
m = 1.0 
Tc* = 1620 (K) 
 
The critical plastic work Wcr was calculated from the area beneath the true stress-
strain curve for 4340H steel taken from the original Johnson and Cook paper (1983). 
 
6.2.1.3 Skin Fragment (based on DSTL VBIED fragmentation data in Chapter 2) 
For the skin fragment, no material data was provided by DSTL. Therefore the 
material was assumed to be mild steel. There are many different variances of mild 
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steel, the specification of which is normally based on cost, strength and 
crashworthiness when used on automotive structures. In numerical simulations of 
vehicle impact, material parameters are usually required for calibration of a 
constitutive relation which accounts for strain hardening and strain rate effects. 
Temperature effects are usually neglected due to the low impact velocities involved in 
vehicle crash simulations. The data used for the skin fragment in the present study has 
been taken directly from Vedantum et al (2005). Given the fragment velocities, 
impact induced temperature effects need to be considered. Therefore, as with the steel 
wires, a linear reduction in strength with increase in temperature was assumed and the 
thermal softening parameter m was set as 1.0. The critical plastic work Wcr was 
calculated from the area beneath the true stress-strain curve for the mild steel 
considered by Vedantum et al (2005). The material parameters are highlighted in 
Table 6.4. 
 
Table 6.4 Material parameters for the MJC constitutive relation and CL fracture 
criterion used for vehicle skin fragment (derived from Vendantum et al, 2005) 
Elastic constants  
and density 
Yield stress and  
strain-hardening 
Strain rate  
hardening 
Cockcroft-Latham  
Failure 
E = 200 (GPa) 
߭ = 0.33 (MPa) 
ρ = 7850 kg/m3 
A = 217 (MPa) 
B = 234 (MPa) 
n = 0.6428 
έ0 = 5 x 10-4 (s-1) 
C = 0.0756 
Wcr = 200 (MPa) 
Adiabatic heating and temperature softening 
Cp = 452 (J/kgK) 
χ = 0.9 
α = 1.1 x 10-5 
Tr = 293 (K) 
Tm = 1800 (K) 
m = 1.0 
Tc* = 1620 (K) 
 
A linear equation of state (Equation 3.31) was used in the simulations as discussed in 
Chapter 3. 
 
In addition to the CL fracture criterion, a temperature based erosion criteria was used 
in order to delete heavily distorted and numerically unstable elements that have not 
reached Wcr when Tc* = 0.9Tm. This means that when the temperature in the material 
reaches 90% of the melting temperature, the element is eroded. It is assumed at these 
temperatures, the material is so weak that it does not offer much impact resistance 
(Borvik et al, 2009). 
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6.2.2 Geometry and Meshing 
6.2.2.1 60 mm diameter spiral strand 
The procedure used to generate the 60 mm diameter spiral strand model was outlined 
in Chapter 4. Global momentum transfer did not appear to be a dominant energy 
dissipation mechanism in the tests and given the focus was on cable damage at the 
impact zone, the length of cable considered for the fragment impact simulations was 
maintained at 250 mm. The overall damage and wire splay zone was measured along 
the length of the cable samples after testing as shown in Chapter 5. This length was 
between 200 and 250 mm, beyond which there was no damage. In reality, a 60 mm 
diameter spiral strand would most likely be in excess of the length tested, especially 
when used for the applications of concern in the present study. If the entire cable 
length was modelled then a more computationally efficient multi-scale model would 
be required. This could be achieved by attaching more simplified and cost effective 
1D cable elements to the top and bottom of the detailed model with appropriate 
boundary conditions. Further work is required to develop this further. Using a shorter 
cable length results in computational time reductions and more efficient and practical 
run-times. However, it will result in a quicker stress build-up at the impact zone due 
to stress wave reflection at the cable ends. This was one of the considerations made 
when assessing the discrepancies between the experimental results and numerical 
simulations. 
 
The consistency of the cable mesh is described in Chapter 4. Increased density 
meshing at the impact zone was difficult to achieve without numerical instabilities 
occurring due to the spiralling geometry of each wire. Therefore, the mesh density 
was governed by that at the impact zone and was kept uniform across the cable length 
considered, i.e. no coarsening at the boundaries of the cable model. 
 
6.2.2.2 Fragment Simulating Projectile 
The FSP was modelled using the same element type as that used for the cable. The 
velocities measured in the tests were assigned to the FSP. The maximum and 
minimum element sizes that make up the FSP were 1.6 mm x 1.6 mm and 1.4 mm x 
1.4 mm respectively. The fully meshed projectile is shown in Fig. 6.4. 
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The mass of the fragment was 17 g. This is considerably less than that of the FSP 
which has a mass of approximately 54 g. The element size was kept relatively 
uniform across the fragment (≈ 1 mm).  
 
In reality, a fragment could impact the cable at many different orientations. For this 
fragment, the orientation assumed to cause the greatest damage is a horizontal 
‘lateral-cutting’ one as shown in Fig. 6.8. 
   
A range of velocities (for different stand-off distances) could be considered when 
modelling this fragment in accordance with Chapter 2. For the purpose of this study 
the velocity was taken as 1500 m/s with very little stand off from the source. 
 
6.2.3 Cable-end boundary conditions 
Two sets of cable-end boundary conditions were used, one for un-tensioned 
simulations (as tested) and the other for tensioned simulations (not tested). For the un-
tensioned case, the boundary conditions were applied based on test observations (see 
Chapter 5). The boundary condition permits longitudinal translation of the wires only, 
at both ends of the cable, with all other degrees of freedom constrained. Coupled with 
an appropriate friction coefficient, this condition was considered to be the closest 
representation of the test conditions when considering a smaller cable length. 
 
For the tensioned simulations, one end of the cable was fixed in all degrees of 
freedom and loaded at the other end. At the loaded end, all degrees of freedom, except 
longitudinal translation were fixed. The axial load was applied as a longitudinal 
displacement. This was carried out in a two-stage process. The first stage was to apply 
an axial displacement at the loading end, whilst monitoring the reaction force at the 
fixed end up until the design resistance of 2100 kN was achieved (Bridon Structural 
Systems, 2007). During this phase the fragment velocity vi was set to 0 m/s. Once the 
design resistance was achieved the fragment velocity was assigned the required 
velocity being considered whilst the axial force was held constant during impact up 
until the end of the simulation. Using an axial force of 2100 kN assumes the total 
‘static’ design load is acting in the cable. This could be considered conservative as it 
would have some partial safety factors built in for ultimate limit state design. An 
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example of this, in the context of a cable supported bridge, would be that a blast 
occurs on a fully occupied bridge deck, during a traffic jam, during a 1 in 50 year 
storm which is very unlikely. However, the blast could induce dynamic tension forces 
in the cable. Therefore the decision was made to use the design resistance as a 
benchmark. Further studies are required to consider varying levels of axial tension in 
cables (static and dynamic) when subjected to fragment impact. This is discussed 
further in Chapter 8.  
 
6.2.4 Contact conditions 
Contact between 1) adjacent wires, and between 2) the wires and fragment were 
modelled using the *ERODING_SURFACE_TO_SURFACE penalty formation 
available in LS-DYNA (LSTC, 2007). This algorithm can not only model the wire-to-
wire contact based on the principles outlined in Chapter 3, but re-calculates contact 
surfaces when failed elements are removed from the mesh i.e. the contact surface is 
never lost. The friction coefficient used was kept at 0.115 (Jiang et al, 1999 and 2000) 
as used in Chapter 4. As highlighted in Chapter 3, Borvik et al (2002a) states that 
frictional effects are frequently neglected in impact problems. A dynamic coefficient 
of 0.1 has been proposed by Ravid and Bodner (1983). Others have suggested a lower 
value of 0.05 should be used for the lateral surfaces in impact situations due to the 
high velocities and temperatures. Recht in Zukas et al (1990) indicated an even lower 
value. 
 
6.2.5 Hourglass control 
Given that all elements used in the simulations (for both the cable and fragments) 
were fully integrated solids, the stiffness based hourglass control proposed by 
Flanagan and Belytschko (1981) was applied with no extra computational cost.  
 
6.2.6 Overall Simulation Models  
The full 3D finite element models consisting of both the cables and fragments are 
shown in Figs 6.6 to 6.8. The number of elements and nodes are shown in each figure. 
Fig. 6.6a shows the cable length considered for non-oblique impact with the FSP 
slightly offset from the surface to reduce unnecessary computational time. Fig. 6.6b 
has been provided for reference of the mesh density at the impact zone. 
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(a) (b) 
Fig. 6.6 FSP impact model (for un-tensioned and tensioned simulations) 
 
Figs. 6.7a and b shows the cable length considered for oblique-impact. 
 
 
(a) (b) 
Fig. 6.7 FSP oblique-impact model (for un-tensioned simulation) 
 
Fig. 6.8a shows the cable length considered with DSTL VBIED skin Fragment A 
slightly offset from the surface and orientated for a ‘lateral-cutting effect’. Tension 
was not considered in the skin fragment impact simulation. 
Initial  
velocity, Vi 
No. of elements = 2527568 
No. of nodes = 2806545 
Initial  
velocity, Vi 
45º 
 
No. of elements = 2527568 
No. of nodes = 2806545 
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(a) (b) 
Fig. 6.8 DSTL skin Fragment A cable impact model  
(un-tensioned for lateral cutting simulation) 
 
6.2.7 Simulation schedule  
The simulations conducted in the present chapter are outlined in Table 6.5 for 
reference when discussing results. 
 
Table 6.5 60 mm diameter spiral strand cable impact simulations 
No. Simulation Velocity (m/s) 
1 FSP_impact_un-tensioned 1328 
2  680 
3  580 
4  501 
5  360 
6  297 
7 FSP_impact_un-tensioned_45°_obliq 640  
8 FSP_impact_ tensioned 1328 
9 Skin_Frag_A_un-tensioned 1500 
 
Each of the models were run using the LS-DYNA explicit solver (release 4.2.1) with 
double precision and each simulation took approximately 35 hours on a Dell Precision 
64-bit T5400 standard workstation with 4 CPUs and 32 GB RAM. 
 
Initial  
velocity, Vi 
No. of elements = 2523086 
No. of nodes = 2802771 
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The explicit time integration process was described in Chapter 3. Given the nature of 
such simulations, elements can become severely distorted during straining. Due to the 
steep gradients present in the problem between each timestep, the critical timestep 
factor was reduced to 0.5.  
 
6.3  Results and Discussion 
6.3.1 Un-tensioned FSP impact (simulations 1-6) 
Fig. 6.9 shows the cables with damage obtained from numerical simulations 1-6. The 
fringes represent regions of high plastic strain.  
 
Generally, the modelling reproduced many of the key characteristics of the un-
tensioned cable impact tests. In all simulations, the fragments penetrate and rebound 
from the cables as was observed in the testing and the fragment penetration depth was 
similar in all cases.   
 
   
(a) 1328 m/s (b) 680 m/s (c) 580 m/s 
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(d) 501 m/s (e) 360 m/s (f) 297 m/s 
Fig. 6.9 Predicted cable damage from simulations 1-6 
 
 
As is seen from Fig. 6.9, the plasticity and resulting damage was localised at the 
impact zone. In allowing longitudinal wire translation at the ends of each of the cable 
models, the horizontal wire splaying could be replicated as was observed in the tests 
at the highest impact velocities. In a fully tensioned cable this would be less 
pronounced given the distance to the cable end-boundary coupled with the tension 
force acting in the cable as is shown later in the chapter. 
 
Figs. 6.10 to 6.12 show numerical simulation stills for the highest, mid and lowest 
impact velocities.  
 
As observed in the testing, the wires were flattened against those below resulting in a 
ductile thinning-to-failure mechanism as discussed in Chapter 5. This phenomenon is 
considered to involve a complex failure process which initially comprises intense 
compression (pressure), leading to shear sliding and eventually tensile failure of the 
thinned wire section. 
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Fig. 6.10 Numerical simulation stills at Vi = 1328 m/s (No. 1) 
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Fig. 6.11 Numerical simulation stills at Vi = 680 m/s (No. 2) 
 
 
 
   
   
Fig. 6.12 Numerical simulation stills at Vi = 297 m/s (No. 6) 
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Fig. 6.13 shows some comparative images of failed wires from the 1328 m/s 
numerical simulation (No. 1). As is seen, individual wire failure was represented well 
by the simulations demonstrating the applicability of the MJC constitutive relation 
and CL fracture criterion for the present study. Figs. 6.14 and 6.15 show similar 
comparisons for vi = 680 m/s and vi = 501 m/s. 
 
  
(a) (b) 
  
(c) (d) 
Fig. 6.13 Individual wire failure mechanisms  
(numerical and experimental physical comparisons) for Vi = 1328 m/s (No. 1) 
 
  
Fig. 6.14 Individual wire failure mechanisms  
(numerical and experimental physical comparisons) for Vi = 680 m/s (No.2) 
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Fig. 6.15 Individual wire failure mechanisms  
(numerical and experimental physical comparisons) for Vi = 501 m/s (No. 4) 
 
6.3.1.1 Strain Rates 
One of the key advantages of high velocity impact simulations is the ability to observe 
phenomena that are difficult, if not impossible, to record in an experimental test. Fig. 
6.16 shows the strain rates developed on impact for simulations 1-6. 
 
 
Fig. 6.16 Strain rates developed for simulations 1-6 
 
In accordance with Table 2.5 (Dey, 2004) (Chapter 2) the strain rates in the sub-
ordinance and ordinance velocity regime (Vi = 50 – 1300 m/s) range between 10 and 
104. This is represented well in the simulations for all velocities. There is an intense 
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spike in strain rate in the elements at the impact interface with a subsequent 
attenuation resulting from the slowing of the FSP as it penetrates the cable. The strain 
rates plotted are the maximum observed in each simulation (No. 1 to 6). 
 
6.3.1.2 Effective plastic strain 
Fig. 6.17 shows the maximum levels of effective plastic strain developed on impact as 
a function of time for simulations 1-6 as depicted by the contours in earlier figures.  
 
 
Fig. 6.17 Effective plastic strains developed for simulations 1-6 
 
Plastic straining of the material increases rapidly at the point of impact. Fig. 6.17 
shows the maximum effective plastic strain developed in the wires on impact for each 
FSP impact velocity. The sudden drop in effective plastic strain is due to element 
erosion. This occurred in simulations 1 – 5. No element erosion was observed in 
simulation No. 6 (Vi = 297 m/s) which corresponds well with the test in which the 
fragment induced some minor indentation at the impact zone and then rebounded 
from the surface. The plot shows that at Vi = 1328 m/s the maximum effective plastic 
strain is observed (about 7.3) at a corresponding strain rate of 45000 1/s. As 
highlighted in Table 2.5 (Dey, 2004) the effect on the material at this strain rate is 
viscous flow with strength still remaining significant, hence plasticity and work 
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hardening is still valid. Above a strain rate of 104 fluid behaviour of the material may 
be more dominant and a different method of modelling may be more appropriate.    
 
6.3.1.3 FSP deformation 
Fig. 6.18 shows the final deformed FSP’s for Vi = 1328 m/s (No. 1), 680 m/s (No.2) 
and 297 m/s (No. 6). Compared with Fig. 5.29 (Chapter 5) it can be seen that the 
fragment deformation characteristics on impact were largely similar to those obtained 
from the numerical simulations.  
 
 
  
(a) Vi = 1328 m/s (b) Vi = 680 m/s (c) Vi = 297 m/s 
Fig. 6.18 Numerical deformed fragments post-impact for simulations 1, 2 and 6 
 
 
6.3.1.4 Energy principles 
On impact, the transformation of the fragment’s kinetic energy into work following 
the impact is a complex process. The major contributions to the total energy balance 
are discussed here with output from the simulations. The balance consists of a number 
of parts. One part of the energy is absorbed in target deformations (global and local) 
(W1), another part is absorbed in localised plastic flow and failure (W2), while the rest 
is absorbed in fragment deformation (W3) and contact and friction (W4). Given 
fragment ricochet was observed in all cases the rebound kinetic energy also forms part 
of the balance (REk). Therefore, the total energy balance is written as follows in 
accordance with Borvik et al (2002b). 
 
                                     ∆ܧ஻ ൌ ଵܹ ൅	 ଶܹ ൅	 ଷܹ ൅	 ସܹ ൅ 	ܴܧ௄             (6.1) 
 
An energy balance is valid if the total energy = initial energy (kinetic energy of the 
fragment) + external work done (internal energy in the cable) or in other words if the 
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energy ratio which is total energy / (initial energy + external work) is equal to 1.0. 
With reference to Equation 6.1, W1 to W4 form the external work (internal energy in 
the cable) and the rebound kinetic energy (REk) of the fragment is deducted from the 
initial energy. 
 
No attempts have been made in the present study to separate and plot the individual 
energy constituents; however, from the simulations it is clear the main contributors 
are the plastic work in the wires and fragment, failure of the wires at the impact zone 
and individual wire displacement. 
 
Figs. 6.19 to 6.24 present the energy balance curves for simulations 1-6. The figures 
highlight how the transition of initial energy (kinetic energy of the fragment) is 
converted into external work done (internal energy in the cable) with the total energy 
balance plotted for reference. The hourglass energy was also plotted. As can be seen 
the hourglass energy is relatively small in all of the simulations.  
 
 
Fig. 6.19 Energy balance for Vi = 1328 m/s (No. 1) 
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Fig. 6.20 Energy balance for Vi = 680 m/s (No. 2) 
 
 
Fig. 6.21 Energy balance for Vi = 580 m/s (No. 3) 
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Fig. 6.22 Energy balance for Vi = 501 m/s (No. 4) 
 
 
Fig. 6.23 Energy balance for Vi = 360 m/s (No. 5) 
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Fig. 6.24 Energy balance for Vi = 297 m/s (No. 6) 
 
As is seen from Fig. 6.19 for Vi = 1328 m/s (No. 1) all of the fragment’s kinetic 
energy is transferred into internal energy (external work done in the cable). As 
highlighted in Chapter 5, during the testing it could not be established whether 
fragment ricochet occurred from the high speed video output for Vi = 1328 m/s. 
However, in the simulation, the fragment was brought to absolute arrest. Figs. 6.20 to 
6.24 display greater residual kinetic energies than that for Vi = 1328 m/s (No. 1). 
During these simulations plastic flow, wire failure, extensive fragment deformation 
and horizontal wire splay was much less pronounced. In all simulations the energy 
balance is very close to unity with minor losses resulting from element hourglassing. 
 
6.3.2 Oblique Impact 
Fig. 6.25 shows the cable with damage obtained from numerical simulation 7 (45º 
oblique FSP impact). The fringes represent regions of high plastic strain.  
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Fig. 6.25 The predicted cable damage for Vi = 640 m/s  
@ 45º impact angle (No. 7) 
 
At an impact angle of 45° the fragment induces a drag in the wires on the periphery as 
observed in the testing. The simulation was terminated at the point at which fragment 
rebound occurred and therefore Fig. 6.25 compares well with Fig. 5.12 (d) in Chapter 
5. Allowing the simulation to run for a longer time period would allow greater 
splaying of the periphery wires as is shown in Fig. 5.12 (e). Allowing longitudinal 
wire translation at the ends of the model enabled periphery wire dragging to be 
captured in the simulation. As highlighted earlier in this chapter, in a fully tensioned 
cable it is thought that the wire dragging would be less pronounced as a result of the 
tension acting in the cable.  
As with simulations 1-6, the plasticity and resulting damage was localised at the 
impact zone. The fragment penetrated the first layer of wires as was observed in the 
oblique impact test and was then deflected from the cable due to the impact angle. 
This is shown in Fig. 6.26 from a side on impact view. 
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Fig. 6.26 Numerical simulation stills for Vi = 640 m/s  
@ 45º impact angle (No. 7) 
 
The individual wire failure mechanisms at the impact zone were also in good 
agreement with that observed in the testing, the mechanisms of which are discussed 
under 6.3.1 above. 
 
Unlike the fragment deformation for the non-oblique impact scenarios (simulation 1-
6) the deformation induced in the fragment for oblique impact was non-concentric as 
shown in Fig. 6.27. Unfortunately the fragment was never retrieved from the 
laboratory for direct comparison 
 
  
(a) side on view (b) isometric view 
Fig. 6.27 Numerical deformed fragments post-impact for Vi = 640 m/s  
@ 45º impact angle (No. 7) 
 
Fig. 6.28 compares the energy dissipation and overall balance between simulation 2 
(Vi = 680 m/s non-oblique impact) and simulation 7 (Vi = 640 m/s oblique impact). 
The obliquity of the fragment results in less energy being transferred into the cable 
due to the disruptive effect the inclination impact angle has on the fragment flight 
path. 
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Fig. 6.28 Energy balance comparison for oblique and non-oblique FSP impact 
 
6.3.3 Cable damage quantification 
As in Chapter 5, the cable damage was quantified by the fragment penetration depth 
(FPD), the number of layers penetrated, and the number of totally fractured wires 
through the cable cross-section. Fig. 6.29 shows the FPD plotted against fragment 
impact velocity. 
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Fig. 6.29 The effects of impact velocity on fragment penetration depth (FPD) 
 
Good agreement can be seen with slight under-predictions of the FPD for Vi = 580 
m/s, 680 m/s and 1328 m/s. The number of layers penetrated was the same for the 
simulations and the tests for all velocities. However, the wire indentation and 
subsequent loss of wire cross-sectional area was more significant in the tests than in 
the simulations. This is shown in Fig. 6.30 were the number of totally fractured and 
heavily indented wires Nd is compared to the experimental testing derived in 
accordance with the method highlighted under Section 5.2.6 (Chapter 5). 
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Fig. 6.30 The effects of impact velocity on the number of totally fractured and heavily 
indented wires. 
 
Based on Fig. 6.30, the residual load carrying capacity was derived and compared to 
that highlighted in Chapter 5 using the same calculation method. Fig. 6.31 compares 
both the experimental and numerical result for reference. Further studies are required 
regarding the introduction of a three phase numerical simulation where: 1) tension is 
applied to the cable before the impact; 2) held constant during the impact; and 3) 
increased to induce total cable rupture with the aim being to predict the residual load 
carrying capacity explicitly. The work would run alongside a robust experimental 
testing programme. Section 6.3.4 below highlights preliminary work done with 
regards to the first two phases.     
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Fig. 6.31 The effects of impact velocity on the minimum breaking load of the cable 
 
The minor discrepancies observed in the results highlighted in Figs. 6.29 to 6.31 
demonstrate the potential of the developed numerical model, however it is considered 
that further refinement is required which is discussed further at the end of this chapter.  
 
6.3.4 Tensioned Impact Simulation 
As shown in Chapter 5, the cables were not tensioned in the tests so the following 
results could not be validated physically but are presented here for reference in future 
studies. The aim of the simulation was to investigate whether the damage at the 
impact zone was greater than that induced in the un-tensioned cable (as a result of 
pre-stress). The highest fragment velocity was considered as it was the greatest 
damage inducer in the un-tensioned tests. 
 
Fig. 6.32 shows the tensile stresses induced in the cable when subjected to an axial 
load of 2100 kN applied to one end of the cable model before the FSP velocity was 
initiated. 
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Fig. 6.32 Von Mises stress in the cable model when subjected to 2100 kN axial load 
before FSP impact 
 
The load-reaction curve recorded at the opposite end of the cable model throughout 
the entire simulation is shown in Fig. 6.33. 
 
 
Fig. 6.33 Load-Reaction curve for tensioned cable subjected to FSP impact 
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On impact, the load-reaction at the fixed end of the cable model was disturbed by the 
translating stress wave as indicated by the intense spike in force just after impact. The 
tension force acting in the cable appears to result in a damping of the oscillating stress 
wave. 
 
Fig. 6.34a shows the cable with damage obtained from the simulation. The fringes 
represent regions of high plastic strain. The effects of tension acting in the cable are 
apparent when comparing the magnitude of horizontal wire translation to that shown 
in Figs. 6.9a and 6.10. The tension and cable end-boundary conditions constrain the 
longitudinal pulling of the wires as was observed in the testing for Vi = 1328 m/s and 
therefore limit horizontal wire translation. 
     
 
 
(a)  (b) 
Fig. 6.34 Predicted cable damage from tensioned cable impact simulation and 
associated fragment deformation 
 
The wire failure mechanisms were the same as those observed in the un-tensioned 
tests, however, the constraint imposed by the tension and cable-end boundary 
conditions resulted in a greater and more concentrated compression/squashing of the 
wires directly in front of the FSP on impact as they were unable to translate outwards. 
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An important observation was that the fragment penetration depth was less than that 
in the un-tensioned cable impact test and simulation. The fragment only managed to 
penetrate the first two layers of wires i.e. 10 mm. The fragment deformation was also 
much greater than that observed in the un-tensioned tests and simulations as shown in 
Fig 6.34b. It is believed that this is a result of the constraint imposed on wire 
translation at the impact zone resulting in more material remaining in front of the FSP 
during impact and more energy being absorbed in fragment deformation. This 
explanation however requires validating in further studies on tensioned impact and 
further work to separate out energy dissipation mechanisms.  
 
6.3.5 Skin Fragment Impact Simulation 
A brief discussion on the skin fragment impact simulation is provided here. The 
primary aim of simulating a skin fragment impact was to compare damage sustained 
with that from the FSP impact.  
 
Fig. 6.35 shows numerical simulations images of cable damage induced by the skin 
fragment. The fringes represent regions of high plastic strain. The analysis was 
terminated at the point at which fragment ricochet began. 
 
     
Fig. 6.35 Numerical simulation stills for Vi = 1500 m/s skin fragment impact 
 
As can be seen from Fig. 6.35, when the same boundary conditions were applied very 
little horizontal wire translation was observed. The fragment orientation results in an 
intense cutting effect in the wires in the outer layer and severe indentation in the 
second layer of wires below. This is shown in Fig. 6.36.   
 
Chapter Six: High Velocity Impact Numerical Simulations 
 
195 
 
 
Fig. 6.36 Numerical simulation stills for Vi = 1500 m/s skin fragment impact 
 
The damage sustained was extremely localised with mixed failure mechanisms 
observed. The outer wires were completely sheared and the wires in the layers below 
were compressed resulting in a reduction in wire cross-sectional areas as the fragment 
velocity is reduced and more fragment deformation occurs. 
 
The fragment penetration depth was established from the simulation by direct 
measurement from the cable outer surface to the deepest indented wire. This was 
recorded to be 15 mm (3 layers deep). This is less than that of the un-tensioned cable 
impact at Vi = 1328 m/s (No. 1). However, based on the number of totally severed 
wires and wires with a reduction in cross sectional area greater than or equal to 20% 
(as discussed in Chapter 5) the reduced cable breaking load was similar. The number 
of heavily damage/totally severed wires was 15 (5 totally severed, 10 heavily 
indented). Therefore the reduced cable breaking load was calculated to be 2980 kN 
which is still greater than the design resistance of the cable.  
 
Fig. 6.37 shows the skin fragment final deformation on plan for direct comparison 
with Fig. 6.5b.  
 
Totally severed wires  
In the outer layer  
(5 in total) 
Severely indented wires  
In the layers below 
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(a) Plan view (b) Side view (c) Iso view 
Fig. 6.37 Numerical deformed skin fragments post-impact 
 
The skin fragment deformation is globally and locally significant as demonstrated by 
the apparent in-plane buckling (Fig. 6.37b) and localised radial flowing of the 
material at the impact interface.  
 
Although this is a purely numerical simulation, without validation against 
experimental testing, it has been demonstrated that lightweight vehicle skin fragments 
typically called ‘confetti’ in VBIED tests have the potential to cause reasonable 
damage which is comparable with that induced by harder fragments with similar 
material properties to that of the FSP. The orientation and size of fragment will also 
affect the damage magnitude sustained which could be explored in further studies.  
 
6.4  Concluding Remarks 
In this chapter, the dynamic response and damage resistance of the 60-mm diameter 
spiral strand cable was studied numerically using the numerical model presented in 
Chapter 4 and experimental testing presented in Chapter 5. The numerical results 
compare well with those obtained in the experimental testing demonstrating the 
potential use of the model in parametric studies for robustness assessments. The 
minor discrepancies observed between the experimental tests and numerical 
simulations deserve more attention in further studies as discussed in Chapter 8. 
Further model refinement is required to include the possible effects of strain rate and 
temperature on the strength of the high strength steel wires.  
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Chapter Seven 
  
 
Case Study: Sudden Cable Loss 
 
7.1 Introduction 
Disproportionate collapse occurs when an initial local failure produced by some small 
triggering event leads to widespread failure of other parts of the structure such that a 
major collapse occurs. The small triggering event must induce an overstress in parts 
or all of the structure well in excess of the ultimate true strength of the elements that 
make up the structure. In the context of the present study, the major concern is partial 
or total collapse of a cable supported structure in the event of sudden cable loss 
resulting from damage induced in the cable by high velocity fragment impact. 
Avoiding disproportionate collapse following such an event is an important aspect in 
design, however very little guidance exists on the problem, unlike that available for 
buildings as highlighted in Chapter 2.  
 
From a designer’s perspective, cable supported structures should be designed to be 
collapse resistant by ensuring a high level of safety against local failure or by 
adopting a design which allows for local failure. This is known as robustness. The 
difficulty however comes with trying to model or characterise the event causing 
failure realistically, hence the main topic of this thesis. 
 
The loss of a cable has been described in recent literature as a brittle phenomenon 
which requires the consideration of the dynamic response of the structure in the 
analysis. There are currently two methods available to determine these responses:  
 
 Static analysis with dynamic amplification factors (DAF’s) 
 Full and rigorous dynamic analysis of the entire structure accounting for 
energy balance, geometric and material non-linearity, vibration and damping 
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A commentary on dynamic application factors is provided in Chapter 2 along with a 
comprehensive discussion on the problems associated with using such factors.  
 
Previous researchers (Ruiz-Teran and Aparacio (2007 and 2009) and Wolff and 
Starossek (2008 and 2010) independently found that the upper bound DAF’s of 1.5 to 
2.0, stipulated in the guidance, is not a true upper bound value for the structures they 
assessed which were bridges with little redundancy. In other instances, they found that 
applying these factors could also result in conservative estimates of response resulting 
in needless design efforts to ensure the countering robustness and/or redundancy was 
achieved.   
 
As highlighted previously in the present study, there are many different structural 
forms which adopt cable stay, suspension and net type arrangements. Cables are often 
used to support large roof structures, however very little information is found in open 
literature regarding the analysis of such structures in the event of sudden cable loss. 
Gerasimidis and Baniotopoulous (2011) conducted a study on a cable-stayed roof 
structure subjected to a sudden cable loss using elastic static models in an attempt to 
identify a simple method to perform a robustness evaluation. The general approach of 
in current guidelines was adopted, which utilised the dynamic amplification factor 
method in accordance with the PTI guidelines (2007). Gerasimidis and 
Baniotopoulous (2011) point out that although the use of a dynamic amplification 
factor of 2.0 for a first cable loss was justified in their analysis, a possible consecutive 
failure which is a result of the first one (i.e. cable overload) should be treated 
differently and should refer to the ultimate load capacity of the failing cable. This 
consecutive cable loss due to its carrying load at the time of failure can potentially be 
the critical one for any cable-stayed structure. 
 
In Chapter 2, the contention was, given the physical variations between different cable 
supported structures (materials, geometry, vibration characteristics, construction etc) 
coupled with current computing capabilities and advanced analysis tools available, a 
rigorous dynamic analysis should always be conducted for sudden cable loss and 
general unified DAF’s are not achievable without further research to clearly define 
where they would be valid. 
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(a) Load path under downward load (b) Load path under upward load 
Fig. 7.2 Cable supported roof load path system 
 
All forces in the cable net are tensile due to the pre-stressing action during 
construction. All cables are spiral strand, the details of which are described below. 
 
The cable net is subdivided into three components: 
 
 Lower catenary: This cable is located above the roof plate and is connected at 
the four corners to the backstay anchorage plinths. It has two functions.   
o In the permanent design it resists wind uplift. 
o In the temporary case it is used to prestress the main catenary cable. 
 Forestay cables: These cables connect the lower catenary cable to the upper 
catenary cable. 
 Upper catenary: This is the main vertical load carrying element for the roof. 
The cable is supported from the top of the masts.  
 
The backstay cables link the top of the mast to the foundation system i.e. backstay 
plinth and ground anchors. The mast is the primary compression member in the roof 
support system. There are four masts, one in each corner approximately 73 m in 
length. Fig. 7.3 highlights the components of the system. 
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Fig. 7.3 Cable supported roof elements 
 
7.2.1  Cables 
The upper and lower catenaries consist of groups of cables, the forestays are single 
cables and the backstays are each a group of six cables provided to achieve the 
required strength. The upper and lower ties are also groups of cables. Table 7.1 
highlights the diameter, minimum breaking loads (MBL) and design resistance of 
each of the cables considered. 
 
Table 7.1 Cable sizes, minimum breaking loads and design resistance 
Cable Ref  
(Fig. 7.3): 
Cable 
Diameter 
(mm) 
No. of 
Cables 
Individual 
MBL (kN) 
Combined 
MBL (kN) 
Individual Design 
Resistance Zr,d 
(kN) 
Combined Design 
Resistance C-Zr,d 
(kN) 
Backstay 1 55 6 2920 17520 1770 10620 
Backstay 2 75 6 5420 32520 3290 19470 
Upper catenary 1 90 3 7320 21960 4440 13320 
Upper catenary 2 70 3 4700 14100 2850 8550 
Lower catenary 1 85 3 6680 20040 4050 12150 
Lower catenary 2 85 3 6680 20040 4050 12150 
Forestay 45 1 1960 - 1190 - 
Lower ties 85 4 6680 26720 4050 16200 
Upper ties 85 4 6680 26720 4050 16200 
 
The structural model was originally developed in Oasys GSA (General Structural 
Analysis) and modelled using GS-Relax which is a non-linear solver with the 
Upper catenary 1 
Forestay cables 
Mast 
Backstay cable 1 
Upper catenary 2 
Lower catenary 1 Lower catenary 2 
Backstay cable 2 
Lower ties Upper ties 
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capability of modelling geometric and material non-linearity, snap-through and sway 
effects. The material properties assigned to the cables are highlighted in Table 7.2. 
 
Table 7.2 Cable sizes, minimum breaking loads and design resistance 
Material model  
Young’s Modulus 
(E) (GPa) 
Poisson’s 
Ratio (?)  
Shear modulus 
(GPa)  
Material Density 
ρ ( kg/m3) 
Elastic-isotropic 160 0.3 78.8 7850 
 
7.2.2  Cable Loss Scenario 
The cable loss analysis assumes that a backstay (all cables) is lost as a result of an 
explosion near to the point at which the cable terminates in public realm space outside 
the stadium (Fig. 7.4). 
 
Fig. 7.4 Assumed blast scenario 
 
The blast resulting in sudden cable loss is considered to be an accidental loading 
condition and therefore no partial safety factors have been applied to the permanent 
actions during the loss simulation. 
 
7.2.3 Roof Loading 
The sudden cable removal is not considered to coincide with any variable action 
(wind, snow or ice) and only gravity loading has been accounted for (Table 7.3). 
 
 
 
Explosion 
Backstay 
lost 
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Table 7.3 Roof Permanent Actions 
Description Assumed maximum (kg/m²) 
Cladding 3.9 
Purlins 15 
In-plane bracing 1 
Rafters 43 
 
The connections are reasonably substantial and therefore need to be accounted for in 
the analysis model as a permanent action (Table 7.4). 
 
Table 7.4 Roof Connection Masses 
Connection Assumed maximum (kg) 
Forestay-Catenary 1500 
Mast Head 10000 
Catenary-Corner Tie 300 
 
A service action on the roof will arise from PA speakers, pitch floodlights and house 
lights. An overall distributed services action has also been accounted for and taken as 
5 kg/m². 
 
The geometric nature of the cable net structure requires that no cables go slack under 
the ultimate wind uplift action. Therefore a minimum pre-load is required. The pre-
load would practically be introduced by prestressing the cables during construction to 
achieve the required (pre-cambered) geometry. Therefore the prestressing was 
accounted for in the original structural analysis model and is also considered in the 
cable loss analysis. 
 
The original GSA model was pre-processed and converted into a LS-DYNA readable 
keyword file (LSTC, 2007). 
 
7.3  Sudden Cable Loss in LS-DYNA 
The LS-DYNA analysis was carried out using the explicit solver (see Chapter 3). For 
this, an appropriate level of damping was required to control the noise induced by: 
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 Applying gravity within a short time domain at the start of the analysis  
 Applying the cable prestress at the start of the analysis 
 Excessive oscillation of the structure after sudden cable loss  
 
This was carried out using the DAMPING_GLOBAL card in LS-DYNA. The purpose 
of this card is to define mass weighted nodal damping that applies globally to the 
nodes of deformable bodies or structures. The system damping constant (VALDMP) 
used in the analysis was 5%. 
 
The sudden cable loss analysis was carried out in a single simulation run with staged 
loading. This is shown diagrammatically in Fig. 7.5. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.5 Stage simulation for sudden cable loss 
 
The simulation of a cable being lost instantaneously was carried out using a ‘death 
time’ algorithm available in LS-DYNA (LSTC, 2007). This allows an element to be 
deleted during the simulation time period (Fig. 7.5) thus capturing the repercussions. 
 
In reality it is probable for any of the following scenarios to occur: 
 
1. One end of the cable is instantaneously released (termination failure) resulting 
in a sudden spike in force at the intact end and rapid load redistribution. 
2. Part of the cable is removed (cable cut) resulting in a sudden spike in force at 
the intact end and rapid load redistribution. 
Time 
Gravity + Prestress 
Cable loss 
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3. The cable is damaged resulting in a loss of cross-sectional area and load 
carrying capacity and possible total failure or rapid load redistribution. 
 
Further research is required to study the above scenarios. A multi-scale model could 
be built in which the detailed finite element cable impact models could be 
incorporated into a larger global model of the structure (as presented here) and the 
fragment impact could be simulated and the global response monitored during the 
cable damage process. 
 
For the purpose of this chapter it is has been assumed that an entire segment of the 
backstay is removed instantaneously, along with its mass. 
 
Before the sudden cable loss analysis was conducted, a simulation was carried out to 
establish a benchmark of steady-state cable forces under gravity + cable prestress 
(Fig. 7.6). This was achieved by running a transient analysis in which gravity + cable 
prestress was applied at the start of the analysis (within 2 seconds) and the analysis 
left to run until a steady state was achieved (≈ 10 seconds) via damping.  
 
 
Fig. 7.6 Roof structure steady-state axial forces under gravity + prestress  
(note: loads are in Newtons) 
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As is seen, the forces present in the cables under gravity + prestress are considerably 
smaller than the combined MBL and combined design resistance C-Zr,d (Table 7.1) 
even when a partial safety factor is applied for ultimate limit state design (ULS). This 
is mainly due to the fact that the structure will have been designed for combinations 
of gravity + prestress + variable actions (wind, snow and ice) at ULS.  
 
The displacement of the roof structure in its permanent steady-state condition was 
also derived as a benchmark (Fig. 7.7). This can be compared to the roof 
displacements resulting from the loss of a backstay. 
 
Fig. 7.7 Roof structure steady-state axial forces under gravity + prestress  
(note: displacements are in metres) 
 
The model was run using the LS-DYNA explicit solver (release 4.2.1) with double 
precision. The simulation took approximately 2 hours to run on a Dell Precision 64-bit 
T5400 standard workstation with 4 CPUs and 32 GB RAM. 
 
7.3.1  Resulting cable forces after sudden loss 
During the sudden loss simulation the cable axial forces were assessed for 
amplification. The aim was to check whether or not the spikes/increase in axial force 
exceeded the design resistance and breaking load values highlighted in Table 7.1.  
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The resulting axial force-time history data is shown in Figs. 7.9 – 7.35. The figures 
are referenced in accordance with how the different cable types were referenced in the 
original structural analysis model. Fig. 7.8 highlights the location of the cable 
elements being assessed (Red) and the backstay element (blue) removed during the 
simulation. 
 
 
Fig. 7.8a Roof structure cable referencing 
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BS2 
BS2 
UC (Side) 
UC (Side) 
UC (End)
UC (End) 
LC (Side) 
LC (Side) 
LC (End) 
LC (End) 
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Fig. 7.8b Roof structure cable referencing 
 
 
Fig. 7.9 BS1 
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Fig. 7.10 BS2 
 
 
Fig. 7.11 UC (SIDE) 
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Fig. 7.12 UC (END) 
 
 
Fig. 7.13 LC (SIDE) 
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Fig. 7.14 LC (END) 
 
 
Fig. 7.15 CEN C (SIDE) 
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Fig. 7.16 CEN C (END) 
 
 
 
Fig. 7.17 UCT1 
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Fig. 7.18 UCT2 
 
 
 
Fig. 7.19 LCT1 
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Fig. 7.20 LCT2 
 
 
  
Fig. 7.21 FS2 Fig. 7.22 FS3 
 
 
Fig. 7.23 FS4 Fig. 7.24 FS5 
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Fig. 7.25 FS6 Fig. 7.26 FS7 
 
  
Fig. 7.27 FS8 Fig. 7.28 FS9 
 
  
Fig. 7.29 FS10 Fig. 7.30 FS11 
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Fig. 7.31 FS12 Fig. 7.32 FS13 
 
  
Fig. 7.33 FS14 Fig. 7.34 FS15 
 
 
Fig. 7.35 MAST FS 
 
Fig. 7.36 shows the resultant localised ‘sagging’ displacement in the roof structure. 
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Fig. 7.36 Roof structure vertical displacement resulting from sudden cable removal 
(note: displacements are in metres) 
 
7.3.2 Discussion 
Figs 7.9 to 7.35 show that there are sudden spikes in axial load, at the time of sudden 
cable removal, which in some cases are positive (increasing) and in other cases 
negative (decreasing or relieving). However, whether positive or negative, the spike is 
immediately followed by an oscillation in force and then a dampened force 
redistribution process. This involves some of the cables picking up more load and 
others being relieved of load until a new steady-state of forces is achieved. Given that 
all cables are not totally relieved of axial force none of them become slackened or 
totally redundant. It is interesting that none of the positive spikes or increases in axial 
load, resulting from the redistribution, exceed the combined design resistances or 
combined minimum breaking loads of the cables. Only Fig. 7.35 shows a spike in 
force which is just less than the design resistance of that cable type (Mast Forestay) 
but much less than the minimum breaking load. For the load case considered (Gravity 
+ Prestress), this potentially demonstrates an adequate level of redundancy in the 
cables.  
 
It must also be acknowledged at this point that the system damping highlighted above 
was applied to the model during all phases of the analysis including the cable removal 
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point and subsequent response period. Albeit the consideration of damping is sensible 
due to its real physical presence in most dynamically active systems, the magnitude of 
damping used should be considered with care and with respect to the actual structure, 
materials, vibrational mode shape and the loads applied. In accordance with Ruiz-
Teran and Aparicio (2007) for common types of structures damping values can be 
very small (less than 10%) and smaller (up to 2%) for cable-stayed structures. If 
underestimated, the peak forces observed in the simulation will be higher than in 
reality and could lead to the wrong conclusions and associated unnecessary measures 
taken to ensure the structure is able to sustain the forces (e.g. hardening of structural 
elements, provision of dampers or the adoption of a different design solution all 
together). If overestimated, the peak forces will be un-conservatively dampened down 
and dangerously under-estimated. The aim of the present simulation was to 
demonstrate a method of analysis in the absence of DAF’s. The approach taken has 
provided a general indication of the response of such a structure in the event of 
sudden cable loss. However, the results should not be used as definitive guidance that 
the structure in question will respond as indicated and further sensitivity studies are 
required to validate the damping used in the analysis. As a general guidance rule, a 
sensitivity analysis of damping levels should always be conducted for simulations 
such as that presented here. 
 
Further assessment is also required to look at the bending moments developed in the 
mast directly adjacent to the missing cable due to the induced eccentricity in axial 
load. This was not considered in the present study 
 
If for example the minimum breaking load of one or a number of the cables was 
exceeded then this model could be developed further to incorporate a failure criterion 
for the cables which is related to their breaking loads. The aim of doing this would be 
to allow for the onset of multiple cable failure or an un-zipping effect. 
 
Fig. 7.36 displays the vertical sagging of the roof structure, resulting from the cable 
loss, after force redistribution and settlement. Such displacement could possibly lead 
to the development of high levels of stress in the roof rafters (being supported by the 
cables) that are well in excess of their ultimate limit state. Further work is required to 
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assess this as it is possible that a penetration or tear in the roof rafter system could 
lead to further redistribution and increases in cable axial forces.  
 
For a study of this nature it is important to accurately characterise the event causing 
the sudden cable loss. This case study assumes that one of the backstay cables is cut 
by a blast, however the model does not account for the associated blast pressure and 
subsequent result on the structure. With further research this could be implemented 
into the simulation alongside non-linear material response, failure criterions, strain 
rate effects and efficient post-processing methods for design purposes. The end goal 
of which would be the capability to realistically simulate the loss of cables and 
possible collapse of part or all of the structure in the event of a blast.  
 
On the other hand, if dynamic amplification factors are still to be used in the absence 
of such simulations then further research is required to assess their applicability to a 
comprehensive range of cable supported structures (including bridges). 
 
7.4  Concluding Remarks 
The aim of this chapter was to demonstrate the use of a non-linear finite element 
simulation method to model the dynamic response of a large cable supported roof 
structure in the event of sudden cable removal instead of using dynamic amplification 
factors in a static analysis. This chapter was drafted in support of further research into 
the development of a robust and rigorous dynamic simulation method to accurately 
model sudden cable removal using the brief demonstration here as a foundation. Such 
a method could be incorporated into code and design guidance for use in the civil and 
structural design community. Alongside this, further research is also required to 
assess the currently specified dynamic amplification factors found in codes and 
guidance by comparing them to the results obtained from simulations such as that 
carried out in this chapter for a whole range of structures.  
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Chapter Eight 
  
 
Conclusions and Recommendations 
 
8.0 Introduction 
In Chapter 1 the main objectives of the research were introduced as: 
 
i. Investigate the structural behaviour, perforation and penetration resistance of a 
60 mm diameter spiral strand cable when subjected to high velocity fragment 
impact at velocities ranging from 200 – 1400 m/s, using fragment simulating 
projectiles (FSP). 
 
ii. Investigate and compare the residual load carrying capacities of the fragment 
damaged cables, and compare with manufacturer’s specified design resistance 
and minimum breaking loads. 
 
iii. Investigate and compare the damage induced by the ‘harder’ FSP and by a 
‘softer’ vehicle skin fragment from a VBIED field test. 
 
iv. Using a case study of a cable supported structure, investigate the local and 
global structural effects in the event of sudden cable loss using a full non-
linear dynamic finite element simulation and to compare this to the dynamic 
amplification method. 
 
The following sections present the conclusions with respect to these objectives and 
make recommendations for further work.  
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8.1 Conclusions 
8.1.1 Chapter 2 - Literature Review 
This study was the first of its kind therefore a detailed literature review was conducted 
on the current state of knowledge surrounding the topic. The review identified a 
number of key points that have been used to inform the work contained, each of 
which is briefly outlined below: 
 
 To model the behaviour of structural cables subjected to fragment impact, 
further development beyond currently published analytical and numerical 
models was required. The content of Chapter 4 describes this further 
development process, the conclusions of which are discussed further on below. 
 
 There are currently no other studies in the open literature on the global and 
local response of structural cables subjected to high velocity fragment impact. 
Chapters 5 and 6 address this and the conclusions of those chapters are 
discussed further on in this chapter. 
 
 There is little understanding of how structural cables behave when subjected 
to dynamic axial forces. 
 
 The Health and Safety Laboratory (HSL) identified a potentially serious 
problem with cable termination components subjected to dynamic axial 
loading. In tests conducted by the HSL, standard terminations failed under 
dynamic loading before the cables and below the minimum breaking load of 
the cables. Under static axial loads the cables fail above their minimum 
breaking loads and the terminations remained intact. Very recently (mid 2012) 
a SCOSS (Standing Committee on Structural Safety) alert related to tension 
cable and rod connectors was issued to the structural design community. 
Reports to CROSS (Confidential Reporting on Structural Safety) have 
highlighted a number of instances where suspension fork connectors for high 
strength cables have failed at loads well below the intended design capacity 
under steady-state loading conditions.  
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 It was indentified that in previous studies where impact from fragmentation is 
a concern, the fragment was characterised based on the threat as a common 
form of projectile. In the present study this was the fragment simulating 
projectile (FSP). None of the previous studies had considered ‘real’ 
fragmentation from an explosion. New data was provided during the course of 
the present study for real VBIED fragmentation and incorporated into the 
modelling in Chapter 6, the conclusions of which are discussed further on in 
this chapter. 
 
 It was identified that very little guidance exists on the disproportionate 
collapse of cable supported structures, unlike that provided for buildings. 
Current guidelines suggest the use of dynamic amplification factors in a purely 
linear elastic static analysis i.e. amplifying the forces applied at the nodal ends 
of a lost cable by 2.0. Such models do not account for geometric and material 
non-linearity, nor do they consider the dynamic response of the structure and 
materials it is made of. It has been shown in a number of studies that a factor 
of 2.0, in some cases, is unsafe and a rigorous dynamic analysis should always 
be performed. This is considered in Chapter 7, the conclusions of which are 
discussed further on in this chapter. 
 
8.1.2 Chapter 3 - The Numerical Simulation of High Velocity 
Fragment Impact 
Most of this thesis is based on numerical modelling therefore an understanding of the 
role of numerical simulation in high velocity impact studies was required to ensure 
key modelling considerations could be made. From this the following key points were 
identified and used to inform the modelling in subsequent chapters: 
 
 Existing empirical and analytical solutions to high velocity impact problems 
are generally limited and in most cases too simplified for use. 
 
 Progress has been made in experimental investigations; however such tests can 
be complex, costly and not economically practical to apply to all problems 
whether in the academia or industry. 
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 Realistic material models are required to adequately describe the localised 
response of the material to high velocity fragment impact which usually 
involves accounting for yielding, plasticity, high strain-rates, high 
temperatures and possible high pressures. Therefore a constitutive relationship 
is required along with an equation of state.  
 
 On from the point above, it was identified that the modified Johnson-Cook 
Model (Borvik et al, 2001a) along with the Cockcroft-Latham Fracture 
Criterion (Cockcroft and Latham, 1968) were most suitable for use in the 
present study for high velocity impact simulations. This was based on the ease 
at which they could be calibrated and used in a design office scenario in the 
absence of rigorous material testing. 
 
If numerical models are accurate enough and more importantly, are validated 
against experimental testing, numerical simulations of high velocity impact 
can be used to replace costly experimental testing. However, more simplified 
and quicker methods of prediction are needed as numerical simulations of this 
nature, when conducted in a design office environment, can still be cost and 
time intensive exercises in terms of developing the simulations, simulation 
run-times, interpretation and conclusion of results. 
 
8.1.3 Chapter 4 – Full 3D Finite Element Modelling of Spiral Strands 
As discussed in Chapter 2, current analytical and numerical models of complex 
stranded cables are useful for approximation purposes but they are often incapable of 
describing phenomena such as localised damage and plasticity development, wire to 
wire contact and friction under axial load. Therefore it was necessary to develop an 
accurate cable model which is capable of taking account of such complicating factors. 
Alongside this, and in line with the topic of the present study, the need for such 
models becomes more compelling when wanting to simulate cable impact where the 
loading is unsymmetrical and localised 3-dimensional damage is a key output 
parameter. Chapter 4 began this further development process, the conclusions of 
which were: 
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 A novel procedure was devised to model full multi-layer spiral strand cables 
with complicated geometry and contact conditions. 
 
 Accurate models were developed for a 7-wire and 120-wire spiral strand 60 
mm diameter spiral strand. 
 
 Both models were able to predict the global response of the cables when 
subjected to axial load as validated by test data. 
 
 Both models were used to study non-uniform stress levels between wires, 
localised yielding, plastic hardening, final cable breaking loads and cable 
failure characteristics. From a cable design perspective, such models could be 
utilised to optimise key geometric parameters such as lay length, lay angle, 
and the number of layers, the diameters and locations of wires in the cross-
section.   
 
 The loading and boundary conditions have significant effects on both the 
internal stress distributions, especially at high levels of axial strain. In the 
fixed-end case, the central wire was subjected to both increasing longitudinal 
axial stress and transverse contact stress induced by the helical wires 
continuously pressing on the central wire under diametrical contraction of the 
spiral strand. In the free-end case, the helical wires were essentially free to 
rotate and begin to straighten out, resulting in lower transverse contact stress 
than under the fixed-end case. The rotational constraints and induced higher 
contact stresses from the fixed-end boundary condition resulted in higher 
stress and more uniform stress distributions at the same strain compared with 
the free-end condition. Therefore, it was concluded that stronger cable end 
constraints will lead to higher cable axial stiffness, higher loading capacities, 
and more efficient use of the wires. This implies that the quality of the cable 
end terminations is crucial for the cable to achieve its designed loading 
capacity.  
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 When modelling the larger 120-wire 60 mm diameter spiral strand there was a 
slight discrepancy in axial stiffness with the model predicting a steeper slope 
within the elastic stage. The residual stresses from the wire drawing and cable 
stranding processes during manufacture have an effect on both the yielding 
behaviour and fracture characteristics of the cable. This may partly explain the 
slight discrepancy between the experimental and numerical results. The 
absence of modelling the residual stresses from manufacturing may have also 
led to the prediction of near simultaneous multiple wire breakage, which also 
contradicts typical test observations which show that the outer layer wires 
break first when tested to destruction. 
 
8.1.4 Chapter 5 –Experimental Fragment Impact Tests  
As discussed in Chapter 3, the complexity of high velocity impact phenomena 
warrants experimental testing to validate and inform numerical simulations. Chapter 5 
details the fragment impact tests carried out on 60 mm diameter 120-wire spiral strand 
cables. The experimental testing was limited but provided the necessary initial 
understanding of how the cables would respond, particularly at the impact zone, when 
subjected to fragment impact. The key conclusions of the testing were: 
 
 In all tests the fragments did not perforate (pass through) the cables. In the 
case of the 60 mm diameter spiral strand, a considerable resilience to high 
velocity fragment impact was observed.  
 
 The greatest fragment penetration depth was less than half the diameter of the 
cable (< 30 mm) at the highest impact velocity, Vi = 1328 m/s.  
 
 There was no penetration and only minor indentation in the wires in the outer 
layer for Vi = 297 m/s. 
 
 All damage (at all velocities) was localised to an impact zone of 
approximately 200 - 250 mm in length along the cable samples. 
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 Significant wire splay (horizontal wire translation) at the impact zone was 
observed for the highest impact velocities (Vi = 1328 m/s and 680 m/s at an 
impact angle of 0° and 640 m/s at an impact angle of 45°). 
 
 The fragment penetration depth and the number of wires completely fractured 
were close for Vi = 680 m/s and 1328 m/s even though the impact energy Ei 
was nearly 4 times greater. This is believed to be a result of the energy 
dissipation resulting from the magnitude of wire splay on impact which was 
not observed in the other tests.  
 
 It was seen that a number of wires at both ends of the cable samples had been 
pulled through the steel coils on impact. This occurred in all tests but was 
most severe for the tests at Vi = 1328 m/s and 680 m/s at 0° impact angle and 
Vi = 640 m/s at 45° impact angle. This was considered to be an experimental 
error and not representative of what would happen if the ends of the cables 
were fully anchored within termination sockets where all wires would be cast 
in a zinc cone.  
 
 It was found from a brief metallurgical assessment of damaged wires that the 
failure mechanism on impact was complex, transitional and ductile in nature. 
It is believed that at the point of impact an intense compression is induced in a 
zone between the fragment and wires deeper into the cable leading to the wire 
material at the impact interface being transversely smeared creating shearing 
and tearing effects resulting in Microvoid Coalescense.  
 
 The global cable displacement on impact was most significant at Vi = 1328 
m/s as indicated by the local bulging of the distal boundary. The global 
displacement of all other cables at lower impact velocities was negligible. This 
is considered to be a result of the fragment impact velocity, bending stiffness 
of the 1-m long 60 mm spiral strand cable samples and the test-set up.  
 
 The impact angle of 45° at Vi = 640 m/s resulted in less damage than Vi = 580 
m/s at 0° impact angle due to the disruptive effect the angle has on the 
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trajectory of the fragment. The increase in impact angle is believed to have 
degraded the performance of the fragment resulting in ricochet, hence making 
the fragment less destructive. 
 
 As expected, the plastic deformation and damage sustained by the FSP was so 
significant for Vi = 1328 m/s that its original shape became beyond 
recognition, while the impact at lower velocities led to mushroom-shaped 
fragments with clear indentations from the wires.  
 
 The damage induced in the cables as a result of fragment impact led to a 
general reduction in load carrying capacity; however the residual loads, 
calculated in accordance with Eurocode 3 Part 1-11, were still higher than the 
design resistance of the cables. This was based on the assumption that the load 
acting in the cable at the point of and after impact was static. For high-energy 
events such as the detonation of an explosive device, considerable dynamic 
axial loads may be induced in the cable resulting in further damage or even 
total rupture. Another consideration would be multiple fragment impacts on 
the same cable and damage sustained in neighbouring cables from such 
impacts.  
 
8.1.5 Chapter 6 – High Velocity Impact Numerical Simulations 
Chapter 6 details the fragment impact numerical simulations carried out on 60 mm 
diameter 120-wire spiral strand cables. The aim of this chapter was to further develop 
the numerical model devised in Chapter 4 for use in high velocity fragment impact 
studies. The key focuses of the chapter were: 
 
1. Preliminary calibration of the modified Johnson-Cook (MJC) constitutive 
relationship (Borvik et al, 2001a) and Cockcroft-Latham (CL) fracture 
criterion (Cockcroft and Latham, 1968) for the wires of the cable and 
fragments. 
 
2. Numerical simulations of un-tensioned 60 mm diameter spiral strand cables 
being subjected to impact from the 20 mm FSP at the same velocities 
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considered in Chapter 5. The aim here was to compare the results directly to 
those obtained from the tests. 
 
3. Numerical simulation of a tensioned 60 mm diameter spiral strand cable 
subjected to impact from the 20 mm FSP to compare both the response and 
damage to that in the un-tensioned cable tests and simulations. 
 
4. Numerical simulation of a vehicle skin fragment impact on an un-tensioned 
cable based on the vehicle fragmentation data provided by the Defence 
Science Technological Laboratories (DSTL) to compare the damage induced 
by 1) a vehicle skin fragment and 2) the FSP. 
 
The key conclusions of the numerical simulations were: 
 
 Generally, the modelling of the un-tensioned cables subjected to fragment 
impact reproduced many of the key characteristics of the un-tensioned cable 
impact tests. In all simulations, the fragments penetrated and rebounded from 
the cables as was observed in the tests.   
 
 The length of cable modelled was sufficient to capture the localised damage 
induced in the cable from the fragment impact. It is acknowledged that in 
reality the cable would be much longer than that tested and modelled, 
especially when used for the applications of concern in this study. Modelling a 
shorter length cable can result in a quicker stress build-up at the impact zone. 
This may have contributed to the minor discrepancies observed between the 
numerical simulations and experimental tests as discussed below. 
 
 It was found that if longer cables were to be modelled then a more 
computationally efficient multi-scale model would be required. This could be 
achieved by attaching more simplified and cost effective 1D cable elements to 
the top and bottom of the detailed model with appropriate boundary 
conditions.  
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 Increased density meshing at the impact zone was difficult to achieve without 
numerical instabilities occurring due to the spiralling geometry of each wire. 
Therefore, the mesh density was governed by that at the impact zone and was 
kept uniform across the cable length considered, i.e. no coarsening at the 
boundaries of the cable model. This resulted in greater computational run 
times. 
 
 As observed in the testing, the wires were flattened against those below 
resulting in a ductile thinning-to-failure mechanism as discussed in Chapter 5. 
Individual wire failure was represented well by the simulations validating the 
applicability of the MJC constitutive relation and CL fracture criterion for the 
present study. 
 
 In terms of fragment penetration depth, good agreement was seen with slight 
under-predictions of the FPD for Vi = 580 m/s, 680 m/s and 1328 m/s. The 
number of layers penetrated was the same for the simulations and the tests for 
all velocities. However, the wire indentation and subsequent loss of wire 
cross-sectional area was more significant in the tests than in the simulations.  
 
 The residual load carrying capacity was also compared to that derived in 
Chapter 5. There were minor discrepancies observed which were directly 
related to the difference in fragment penetration depths observed above. 
Further refinement of the model is required to check the effects of the 
following: 
 
o Possible strain-rate effects 
o Temperature increase effects 
 
 The strain rates induced on impact were monitored and agreed well with the 
sub-ordinance and ordinance velocity regime ranges. The effect on the 
material at this strain rate is considered to be viscous flow with strength still 
remaining significant, hence plasticity and work hardening is still valid. Above 
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a strain rate of 104 fluid behaviour of the material may be more dominant and 
a different method of modelling may be more appropriate.   
 
 Fragment deformation characteristics on impact were largely similar to those 
obtained from the experimental testing. 
 
 No attempts were made to separate and plot the individual impact energy 
constituents; however, from the simulations it was clear the main contributors 
were the plastic work in the wires and fragment, failure of the wires at the 
impact zone and individual wire displacement. In all simulations the energy 
balance was very close to unity with minor losses resulting from element 
hourglassing. 
 
 The oblique impact simulations demonstrated that at an impact angle of 45° 
the fragment induced a drag in the wires on the periphery as observed in the 
testing. Allowing longitudinal wire translation at the ends of the model 
enabled periphery wire dragging to be captured in the simulation. In a fully 
tensioned cable it is thought that the wire dragging would be less pronounced 
as a result of the tension acting in the cable and further studies are required to 
investigate this. The obliquity of the fragment resulted in less energy being 
transferred into the cable due to the disruptive effect the inclination impact 
angle has on the fragment flight path. 
 
 In the tensioned cable impact simulations an axial force equal to the design 
resistance was applied to the cable assuming the full design load was acting. 
This is considered to be conservative as it would have some partial safety 
factors built in for ultimate limit state design and further studies are required 
to investigate damage levels in cables with varying levels of tension acting.  
 
 Although the tensioned cable impact simulations could not be validated 
against experimental tests, the effects of tension acting in the cable are 
apparent when comparing the magnitude of horizontal wire translation. The 
tension and cable end-boundary conditions constrain the longitudinal pulling 
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of the wires as was observed in the testing for Vi = 1328 m/s and therefore 
limit horizontal wire translation. This requires validating via tensioned cable 
impact tests as discussed below.  
 
 In the tensioned cable impact simulation, the wire failure mechanisms were 
the same as those observed in the un-tensioned tests, however, the constraint 
imposed by the tension and cable-end boundary conditions resulted in a 
greater and more concentrated compression/squashing of the wires directly in 
front of the FSP as they were unable to translate outwards. This requires 
validating via tensioned cable impact tests as discussed below. 
 
 Another observation from the tensioned impact simulation was that the 
fragment penetration depth was less than that in the un-tensioned cable impact 
test and simulation. The fragment only managed to penetrate the first two 
layers of wires i.e. 10 mm. The fragment deformation was also much greater 
than that observed in the un-tensioned tests and simulations. It is believed that 
this is a result of the constraint imposed on wire translation at the impact zone 
resulting in more material remaining in front of the FSP during impact and 
more energy being absorbed in fragment deformation. This requires validating 
via tensioned cable impact tests as discussed below.  
 
 Although the vehicle skin fragment impact simulation was a purely numerical 
study it has been demonstrated that lightweight vehicle skin fragments 
typically called ‘confetti’ in VBIED tests have the potential to cause 
reasonable damage which is comparable with that induced by harder 
fragments with similar material properties to that of the FSP. The orientation 
and size of fragment will also affect the damage magnitude sustained which 
could be explored in further studies.  
 
8.1.6 Chapter 7 – Case Study: Sudden Cable Loss 
The aim of this chapter was to demonstrate an approach which utilises full non-linear 
dynamic analysis to model sudden cable removal in a large cable supported roof 
structure. The key conclusions of the study were: 
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 A large mdof complicated cable net roof structure was successfully developed 
to simulate sudden cable loss in a full non-linear dynamic analysis. 
 
 The simulation assumed the instantaneous removal of part of one of the 
backstay cables, however further studies are required to study the case of cable 
damage without loss. As discussed in Chapter 7, this could possibly be 
achieved with a multi-scale model with combined detailed finite element cable 
impact models (as developed in Chapters 4 and 6) incorporated into a larger 
global models of the structure (as presented in Chapter 7). 
 
 Sudden cable removal induces a sudden spike in force at the ends of the other 
cables which in some cases was positive and others negative followed by force 
redistribution. None of the spikes or subsequent redistribution forces exceeded 
the design resistance or breaking loads of the cables. This is typically 
attributed to loadcases considered in the analysis which was gravity + 
prestress i.e. permanent only (excluding variable loading). However further 
work is required to validate the level of damping applied in the numerical 
model of the structure in question to ensure the peak forces are not over or 
underestimated. 
 
 The vertical displacement of the roof structure was quite significant and 
requires further attention in future studies along with the possible increase in 
bending moments in the mast which could be critical.  
 
Recommendations for future work in this area are discussed below. 
 
8.2 Recommendations for future work 
The work presented in this thesis forms part of a larger research programme to 
investigate the overall robustness of cable supported structures in the event of a blast. 
The content of this thesis forms a strong baseline for further research into the 
behaviour of structural cables when subjected to high velocity fragment impact. 
However, there are areas related to both the experimental tests and numerical 
Chapter Eight: Conclusions and Recommendations 
 
233 
 
simulations that require addressing in future work. The following further research 
areas are recommended:  
 In terms of quasi-static axially loaded cable studies, further development of 
the model presented in Chapter 4 is required to incorporate the residual 
stresses and strain energy induced by the cable manufacturing process. 
Discussions are ongoing with Bridon International Ltd regarding a 
collaborative research programme with the end goal being a quick-running FE 
model for optimised design of their range of structural cables. Further studies 
are also required to investigate the model’s applicability to accurately model 
torsion, bending and axial response for different twist and torque reaction 
conditions. 
 
 From a blast and impact perspective, further studies are required to investigate 
how structural cables and their terminations respond to dynamic axial loading 
with a primary focus on strain-rate effects, cable yield phenomena, rapid inter-
wire load distribution and cable-end termination response. 
 
 Further cable impact tests are required to consider longer length cables to that 
considered in Chapter 5 to assess global displacements and associated inertia 
effects at low impact velocities. 
 
 Further cable impact tests are required to consider tension acting in the cable 
at the time of impact. The results of which could be used to validate the 
tensioned cable impact simulations carried out in Chapter 6. 
 
 All further cable impact tests should carefully consider the robustness of the 
cable sample terminations and ideally the terminations should be as per the 
finished product and not a representation that could lead to uncertainty of the 
realistic response of the wires on impact. 
 
 Further studies are required to investigate multiple and instantaneous fragment 
impact scenarios and the possible synergetic effect of combined blast and 
fragment loading. 
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 A limited identification procedure was applied to determine the parameters for 
the MJC and CL models for the wires and fragment materials in Chapter 6. 
Due to the lack of strain-rate sensitivity data available for high strength 
structural cable wire, the wires were assumed to be insensitive to strain rate. 
This may in part explain the discrepancies between the tests (Chapter 5) and 
impact modelling (Chapter 6) with regards to fragment penetration depth and 
residual breaking load estimation. Therefore further studies are required to 
establish the strain rate sensitivity of high strength structural cable wire to 
validate the assumption of insensitivity in the modelling carried out in Chapter 
6. The results of which could not only be implemented into the detailed 
fragment impact models but also used to inform studies on how the cable as a 
whole responds to dynamic axial load. 
 
 The thermal softening parameter m was taken as 1.0 in Chapter 6, which 
assumes a linear reduction in strength with increase in temperature which 
seems a reasonable assumption for steel. As with the strain rate sensitivity 
assumption discussed above, further testing on the wires at elevated 
temperatures is required to confirm whether there is linear reduction in 
strength with increase in temperature. 
 
 Further studies are required to consider varying levels of axial tension in 
cables (static and dynamic) when subjected to fragment impact.  
 
 Further studies are required regarding the introduction of a three phase 
numerical simulation where: 1) tension is applied to the cable before the 
impact; 2) held constant during the impact; and 3) increased to induce total 
cable rupture with the aim being to predict the residual load carrying capacity 
explicitly. This should run alongside a comprehensive experimental testing 
programme to validate these analyses. In doing this, the estimation method of 
calculating reduced breaking loads used in Chapters 5 and 6 could be 
validated.  
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 In terms of the global modelling carried out in Chapter 7, further studies are 
required to implement the triggering event (blast or impact) into the simulation 
alongside non-linear material response, strain rate effects and efficient post-
processing methods for design purposes. The end goal of which would be the 
capability to realistically simulate the loss of cables and possible collapse of 
part or all of the structure in the event of a blast. 
 
 Further research is required to assess the currently specified dynamic 
amplification factors found in design codes and guidance by comparing them 
to the results obtained from simulations such as that developed in Chapter 7 
for a range of structures. 
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Tensile Test Data for 1570 MPa and 1770 MPa cable wires provided by Bridon 
International Ltd 
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Parameter table: 
Customer :  
Test standard : ASTM A370 
Results: 
 Coil No Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
1 008-102.6 5.00 32.66 1391 200.4 1664 8.43 28.77
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Parameter table: 
Customer :  
Test standard : ASTM A370 
Results: 
 Coil No Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
1 008-102.7 5.00 32.70 1402 191.6 1665 7.96 29.78
Series graphics: 
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Parameter table: 
Customer :  
Test standard : ASTM A370 
Results: 
 Coil No Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
1 008-102.8 5.00 32.73 1401 201.3 1667 8.99 29.78
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Parameter table: 
Customer :  
Test standard : ASTM A370 
Results: 
 Coil No Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
1 008-103.9 5.00 33.95 1430 206.9 1729 7.63 28.43
Series graphics: 
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Parameter table: 
Customer :  
Test standard : ASTM A370 
Results: 
 Coil No Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
1 008-103.8 5.00 34.01 1410 202.7 1732 8.02 21.15
Series graphics: 
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Parameter table: 
Customer :  
Test standard : ASTM A370 
Results: 
 Coil No Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
1 008-103.10 5.00 34.01 1431 192.8 1732 8.56 26.73
Series graphics: 
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Parameter table: 
Customer :  
Test standard : ASTM A370 
Results: 
 Coil No Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
1 008-103.1 5.00 34.07 1438 204.8 1735 8.48 26.73
Series graphics: 
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Parameter table: 
Customer :  
Test standard : ASTM A370 
Results: 
 Coil No Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
1 008-103.2 5.00 34.11 1435 196.7 1737 8.79 23.26
Series graphics: 
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Parameter table: 
Customer :  
Test standard : ASTM A370 
Results: 
 Coil No Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
1 008-103.4 5.00 34.06 1356 192.7 1735 8.57 18.28
Series graphics: 
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Parameter table: 
Customer :  
Test standard : ASTM A370 
Results: 
 Coil No Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
1 008-103.5 5.00 34.14 1435 215.0 1739 8.40 28.77
Series graphics: 
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Parameter table: 
Customer : ARUP(5mm 1770 grade) 
Test standard : ASTM A370 
Results: 
 Speed Dia. BreakLoad Rp 0,2 Modulus UTS At Const
Nr  mm kN N/mm² GPa N/mm² % % 
2 10mm-min 5.00 36.95 1557 195.3 1882 10.66 35.36
3 20mm-min 5.00 37.34 1611 200.4 1902 10.85 34.71
4 40mm-min 5.00 36.99 1606 202.4 1884 9.14 33.09
5 80mm-min 5.00 37.19 1595 188.4 1894 9.41 32.76
6 160mm-min 5.00 37.33 1604 199.6 1901 9.14 34.71
Series graphics: 
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DETAIL SPECIFICATION  
 
PROJECTILE, CALIBERS .22, .30, .50, AND 20 mm FRAGMENT-SIMULATING 
 
This specification is approved for use within the Department of the Army, and is available for 
use by all Departments and Agencies of the Department of Defense. 
 
1. SCOPE  
 
1.1  Scope.  This specification covers fragment-simulating projectiles used in ballistic testing 
(see 6.1). 
 
1.2  Classification.  The fragment-simulating projectiles are classified as follows (see 6.2): 
 
 Caliber - .22 (see Fig.1 or 5) 
 Caliber - .30 (see Fig. 2 or 5) 
 Caliber - .50 (see Fig. 3 or 5) 
 20 mm – (see Fig. 4 or 5) 
 
 
 
Comments, suggestions, or questions on this document should be addressed to: Director, U.S. 
Army Research Laboratory, Weapons and Materials Research Directorate, Materials 
Applications Branch, Specifications and Standards Office, Attn: AMSRD-ARL-WM-MC, 
Aberdeen Proving Ground, MD 21005-5069 or emailed to rsquilla@arl.army.mil.  Since 
contact information can change, you may want to verify the currency of this address 
information using the ASSIST Online database at http://assist.daps.dla.mil/.  
 
AMSC N/A          FSC 1305 
 
 
DISTRIBUTION STATEMENT A.  Approved for public release; distribution is unlimited. 
 
Downloaded from http://www.everyspec.com on 2009-12-21T16:44:53.
MIL-DTL-46593B (MR) 
w/AMENDMENT 1 
 
2. APPLICABLE DOCUMENTS 
 
2.1  General.  The documents listed in this section are specified in sections 3, 4, or 5 of this 
specification. This section does not include documents cited in other sections of this specification 
or recommended for additional information or as examples. While every effort has been made to 
ensure the completeness of this list, document users are cautioned that they must meet all 
specified requirements of documents cited in sections 3, 4, or 5 of this specification, whether or 
not they are listed.  
 
2.2  Government documents.  
 
2.2.1  Specifications, standards, and handbooks. The following specifications, standards, and 
handbooks form a part of this document to the extent specified herein. Unless otherwise 
specified, the issues of these documents are those cited in the solicitation or contract.  
 
DEPARTMENT OF DEFENSE SPECIFICATIONS 
 
 MIL-PRF-32033 - Lubricating Oil, General Purpose, Preservative   
     (Water-Displacing, Low Temperature)   
 
DEPARTMENT OF DEFENSE STANDARDS  
 
 MIL-STD-1916 - DoD Preferred Methods for Acceptance of Product 
 
(Copies of these documents are available online at http://assist.daps.dla.mil/quicksearch/ 
or  http://assist.daps.dla.mil or from the Standardization Document Order Desk, 700 Robbins  
Avenue, Building 4D, Philadelphia, PA 19111-5094.)  
 
2.3  Non-Government publications. The following documents form a part of this document to the 
extent specified herein. Unless otherwise specified, the issues of these documents are those cited 
in the solicitation or contract. 
 
AMERICAN SOCIETY FOR QUALITY (ASQ) 
 
 ASQC-A8402  - Quality Management and Quality Assurance – Vocabulary  
     (DoD Adopted) 
 
(Copies of this document are available from www.asq.org or American Society for Quality, 600 
Plankinton Avenue, Milwaukee, WI 53203.)  
 
ASME INTERNATIONAL 
 
 ASME B46.1  - Surface Texture, (Surface Roughness, Waviness and Lay) 
     (DoD Adopted) 
  
(Copies of this document are available from www.asme.org or ASME International, Three Park 
Avenue, New York, NY  10016-5990) 
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ASTM INTERNATIONAL  
 
 ASTM A751  - Steel Products, Practices, and Terminology for Chemical  
     Analysis of.  (DoD Adopted) 
 
ASTM E18   - Standard Test Methods for Rockwell Hardness   
    of Metallic Materials 
 
(Copies of these documents are available from www.astm.org or ASTM International, 100 Barr 
Harbor Drive, PO Box C700, West Conshohocken, PA 19428-2959.)  
 
INTERNATIONAL STANDARDIZATION AGREEMENTS 
 
 ISO 17025  - General requirements for the competence of testing and calibration 
    laboratories (DoD Adopted) 
 
(Copies of this document are available from http://www.iso.ch or from the International 
Organization for Standardization American National Standards Institute 11 West 42nd Street, 
13th Floor New York, New York, United States, 10036.) 
 
2.4  Order of precedence.  Unless otherwise noted herein or in the contract, in the event of a conflict 
between the text of this document and the references cited herein (except for related specification 
sheets), the text of this document takes precedence. Nothing in this document, however, supersedes 
applicable laws and regulations unless a specific exemption has been obtained. 
 
3.  REQUIREMENTS 
 
3.1  Material Composition.  The fragment-simulating projectile (FSP) shall be manufactured 
from cold rolled, annealed steel conforming to compositions 4337H or 4340H for the following 
FSPs: Caliber .22; Caliber .30; Caliber .50; and 20 mm. 
 
3.2  Hardness.  The fragment-simulating projectile shall be fully quenched and tempered to a 
Rockwell hardness value of 30 +/- 2 for all projectiles in accordance with 4.4.2. 
 
3.3  Weight.  The fragment-simulating projectiles shall be of the weight shown in Table I.  For 
those designs that will utilize a saboted fragment-simulating projectile the weight shall be as  
specified in Table II.  
 
3.4  Dimensions.  Dimensions and tolerances shall be as shown in Figures 1, 2, 3, 4, 5, and Table 
II. 
 
3.5  Finish.  The fragment-simulating projectiles shall have a surface as shown in Figures 1, 2, 3, 
4, and 5. 
 
3.6  Preservation.  Fragment-simulating projectiles shall be coated with a rust inhibiting material 
as specified in MIL-PRF-32033. 
 
 3
Downloaded from http://www.everyspec.com on 2009-12-21T16:44:53.
MIL-DTL-46593B (MR) 
w/AMENDMENT 1 
 
TABLE I .  Weight 
 
PROJECTILE WEIGHT in GRAINS 
  
Caliber .22  17.0 +/- 0.5 
Caliber .30 44.0 +/- 0.5 
Caliber .50 207.0 +/- 2.0 
20 mm 830.0 +/- 4.0 
 
 
 
 
 
 
 
TABLE II.  Dimensions for Fragment Simulating Projectiles for Saboted Launch. 
 
FSP Type Diameter (inches) 
Flat 
(inches) 
Reference 
Length 
(inches) 
Weight 
(grains) 
Caliber .22 0.215 + 0.001 0.100 –0.010 0.250 17.0 ± 0.5 
Caliber .30 0.296 –0.001 0.136 –0.010 0.340 44.0 ± 0.5 
Caliber .50 0.495 ± 0.001 0.224 –0.015 0.580 207.0 ± 2.0 
20 mm 0.784 –0.002 0.365 –0.012 0.900 830.0 ± 4.0 
 
 
 
 
 
 
FIGURE 1.  Fragment-simulating caliber .22. 
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FIGURE 2.  Fragment-simulating caliber .30. 
FIGURE 3.  Fragment-simulating caliber .50. 
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FIGURE 4.  Fragment-simulating 20 mm. 
 
4.  VERIFICATION 
 
4.1  Classification of inspections. The inspection requirements specified herein are classified as 
conformance inspection (see 4.2). 
 
4.2  Conformance inspection.  The supplier is responsible for the performance of all inspection 
requirements as specified herein.  Except as otherwise specified (see 6.2), the supplier may 
utilize his own or any other inspection facilities and services acceptable to the Government.  
Inspection records of the examination and tests shall be kept complete and available to the 
Government as specified in the contract or order (see 6.2).  The Government reserves the right to 
perform any of the inspections set forth in the specification where such inspections are deemed 
necessary to assure that supplies and services conform to prescribed requirements. 
 
4.2.1  Inspection terms and definitions.  Reference shall be made to ASQC–A8402 to define the 
inspection terms used. 
 
4.2.2  Inspection conditions.  Unless otherwise specified (see 6.2), all inspections shall be 
performed in accordance with ISO 17025. 
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Reference 
           Length 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.3  Sampling. 
 
4.3.1  Lot.  A lot shall consist of all the fragment-simulating projectiles of the same diameter and 
type, fully quenched and tempered in the same batch. 
 
4.3.2  Submittal of product.  Unless otherwise specified (see 6.2), the contractor shall submit the 
product in accordance with MIL-STD-1916. 
 
4.3.3  Examination.  Examination shall be performed for the requirements of 3.3, 3.4, and 3.5 in 
accordance with MIL-STD-1916 with the specific acceptance level that is specified in the 
contract or purchase order (see 6.2).  All nonconforming material shall be rejected.  ASME-
B46.1 shall be used as a basis of comparison for surface roughness determination. 
 
4.3.4  Inspection testing.  The following tests shall be performed in accordance with the 
provisions of 4.4 except as provided in ISO 17025. 
Figure 5.  Fragment Simulating Projectiles for Saboted Launch 
 35o ± 0.5o
Flat
Diameter 
NOTES: 
1.  No substitutions for steel. 
2.  Finish is 63 microinches. 
3.  Length is for reference only.  Adjust length on the base surface to meet indicated 
weight. 
4.  Hardness is Rockwell C scale 30.0 ± 2.0 for all.  
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4.3.4.1  Material composition.   A sample shall be selected for chemical analysis from the bars 
used for manufacturing of the fragment-simulating projectiles prior to machining or from 
sufficient parts prior to heat-treating to form a sample of at least 2 ounces.  Failure to comply 
with the requirements of 3.1 shall be cause for rejection of the lot. 
 
4.3.4.2  Hardness.   
 
4.3.4.2.1  Calibers .22, .30, .50 and 20 mm fragment-simulating projectiles.  Calibers .22, .30, .50 
and 20 mm fragment-simulating projectiles shall be one hundred percent tested for hardness for 
compliance with 3.2.  All nonconforming material shall be rejected. 
 
4.3.5  Inspection equipment.  The examination and tests shall be made using equipment approved 
by the Government. 
 
4.4  Test methods.   
 
4.4.1  Material composition.  Chemical analysis for conformance to the material composition 
requirements of 3.1 shall be conducted on the sample in accordance with ASTM A751.  
 
4.4.2  Hardness.  The test specimens shall be prepared and tested in accordance with ASTM E18 
and shall be in compliance with the hardness requirement of 3.2. 
 
5.  PACKAGING 
 
5.1  Packaging. For acquisition purposes, the packaging requirements shall be as specified in the 
contract or order (see 6.2). When packaging of materiel is to be performed by DoD or in-house 
contractor personnel, these personnel need to contact the responsible packaging activity to 
ascertain packaging requirements. Packaging requirements are maintained by the Inventory 
Control Point’s packaging activities within the Military Service or Defense Agency, or within the 
military service’s system commands. Packaging data retrieval is available from the managing 
Military Department’s or Defense Agency’s automated packaging files, CD-ROM products, or 
by contacting the responsible packaging activity. 
 
6. NOTES 
 
 (This section contains information of a general or explanatory nature that may be helpful, but is 
not mandatory.) 
 
6.1  Intended use.  The fragment-simulating projectiles covered by this specification are intended 
for use in ballistic testing of various materials. 
 
6.2  Acquisition requirements. Acquisition documents should specify the following: 
 
a. Title, number, and date of the specification. 
b. Caliber, type, millimeter, and if saboted is required (see 1.2). 
c. Inspection facilities (see 4.2). 
d. Inspection records (see 4.2). 
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e. Inspection conditions (see 4.2.2). 
f. Submittal of product (see 4.3.2). 
g. Specific acceptance level for 3.3, 3.4, and 3.5 (see 4.3.3). 
h. Packaging requirements (see 5.1). 
i. Marking requirements (see 6.3). 
j. Packing identification (see 6.4). 
  
6.3  Marking.  Suggested wording to be included in the contract or purchase order “Marking for 
shipment and storage shall be in accordance with MIL-STD-129” (see 6.2). 
 
6.4  Packing identification.  Suggested wording to be included in the contract or purchase order 
“Fragment-simulating projectiles shall be packed separately according to caliber and hardness 
value” (see 6.2). 
 
6.5  Subject term (key word) listing. 
 
 Armor plate      
 Ballistic testing       
 Body armor     
 FSP 
 
6.6 Amendment notations. The margins of this specification are marked with vertical lines to indicate 
modifications generated by this amendment. This was done as a convenience only and the 
Government assumes no liability whatsoever for any inaccuracies in these notations. Bidders and 
contractors are cautioned to evaluate the requirements of this document based on the entire content 
irrespective of the marginal notations. 
  
 
 
 
CONCLUDING MATERIAL 
 
 
Custodian:        Preparing activity: 
 Army – MR          Army – MR 
 
Review activities:        (Project 1305-2008-026) 
  Army – AV   
   
 
 
 
NOTE: The activities listed above were interested in this document as of the date of this 
document. Since organizations and responsibilities can change, you should verify the currency of 
the information above using the ASSIST Online database at  http://assist.daps.dla.mil/. 
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ABSTRACT 
This paper presents a preliminary numerical study of a carbon steel bar subjected to high-
velocity fragment impact. The modified Johnson-Cook model was used to model the steel 
material of the bar. A static axial tensile force was applied to both ends of the bar to simulate the 
practical loading conditions it would be subjected to in construction. Preliminary results of a 
parametric study of the effects that fragment mass have on the perforation resistance of the bar is 
presented. It is found that a small variation in fragment mass has significant effects on the 
penetration and perforation process for an impact velocity of 1800 m/s. In all the cases modelled, 
the bars fail by axial rupture after sustaining significant cross-sectional damage on impact. 
 
1  INTRODUCTION  
Lightweight cable-supported structural systems are widely used in the design and construction of 
sports stadia and bridges, but their robustness and resilience against high velocity fragment 
impact remain largely unknown. Very little research has been carried out to study the effects 
such an impact has on the cables, cable termination systems and surrounding structures.  Zoli [1] 
assessed the vulnerability of the typical cable types used in cable-stay/suspension bridges when 
subjected to high-velocity fragment impact.  It was concluded that there are a number of 
mechanisms capable of inducing abrupt cable loss, including the impact of explosively formed 
fragments travelling at high velocity. This paper presents some preliminary results from a 
numerical study of high-velocity fragment impact on a carbon steel bar commonly used as stays 
in stadia and bridge construction. 
   
2  THE CONSTITUTIVE RELATION AND FAILURE CRITERIA 
A complete material description under high-velocity impact involves not only the stress-strain 
response highly dependent on strain, strain rate, temperature, and loading history, but also the 
accumulation of damage and failure [2]. This study uses a constitutive relation coupling visco-
plasticity and ductile damage, or the Modified Johnson-Cook Model [3] for the steel material 
under fragment impact. The model includes linear thermo-elasticity, the Von Mises yield 
 criterion, the associated flow rule, isotropic strain hardening, softening due to adiabatic heating 
and isotropic damage evolution, and a failure criterion. The equivalent Von Mises stress is 
expressed as: 
 
σeq = [1 – D][A + Brn][1 + ѓ*]C[1 – T*m]                                    (1) 
 
where D is the damage variable; A, B, C, n and m are material constants; r is the damage 
accumulated plastic strain, ѓ* = is a dimensionless strain rate, and T* is the homologous 
temperature. The damage variable D has values between 0 (undamaged) and 1 (fully broken).  
Fracture is assumed to occur at a critical damage DC (< 1). The accumulated damage is expressed 
as a function of accumulated plastic strain as: 
 
                     0   when εp< εp,d 
D* =                      (2) 
             DC/(εf – εd)έp      when εp ≥ εp,d 
 
where έp is the plastic strain rate, εd is the damage threshold strain and εf is the fracture strain, 
both dependant on stress triaxiality, strain rate and temperature. The fracture strain is given as 
[4]: 
 
εf = [D1 + D2 exp (D3σ*)][1 + D4 ln έp*][1 + D5T*]               (3)  
 
where D1 – D5 are material constants obtained from uniaxial tensile tests detailed in [3] σ* = 
σm/σeq is the stress triaxiality and σm is the mean stress.   
 
3  NUMERICAL MODELLING 
The fragment was modelled as an elastic-plastic steel cuboid with a bilinear stress-strain curve 
with isotropic hardening. The Modified Johnson-Cook constitutive model was used to model the 
bar with material properties of Weldox 460 E structural steel in the absence of better material 
data for the bar. To simulate arbitrary crack growth, the model was coupled with an element kill 
algorithm, which is activated when D reaches DC and removes the damaged elements from the 
mesh.  The material properties used for the fragment and bar can be found in [5]. The initial 
velocity Vi of the fragments was assumed as 1800 m/s. At such velocity deformation is very 
localised at the impact zone, therefore only a 250 mm bar segment was modelled. A fixed axial 
tensile force of 730 kN was applied at each end of the bar to simulate a practical static load in the 
bar. The diameter of the bar was 45 mm. Contact between the bar and the fragment was 
modelled using an eroding surface-surface penalty formulation which re-calculates the contact 
surfaces on impact and during penetration as elements are being removed from the mesh.  
Frictional effects were neglected because under such high velocity, the surface to surface friction 
has little effects on the results. 
 
Fig. 1 shows a typical finite element mesh of the bar and fragment.  All meshes are made up of 
8-noded, single integration point, solid elements within a Lagrangian domain. A fixed mesh was 
used in the analysis. Four fragments with length variable L = 20, 40, 60 and 80 mm were 
modelled. All other parameters were fixed for each analysis.  Both ends of the bar (A & B) were 
fully fixed with translation permitted in the x direction under axial loading. 
 
 
  
Figure 1 – Typical Finite Element Mesh 
4  RESULTS AND DISCUSSION 
A fragment penetrates and/or perforates a target by virtue of its shape and kinetic energy KE = 
½mv² where m is the mass and v is the velocity. The four fragments modelled have different 
values of kinetic energy due to their varying mass. On impact, the fragment’s kinetic energy is 
transformed into three parts: strain energy in the target (global elastic deformation), the energy 
dissipated in localised damage and failure of the target (localised plastic flow), and the strain 
energy in the deformed fragment (elastic-plastic deformation). The best way to represent impact 
energy absorption, which is a key requirement in the design of structural systems to resist 
impact, is to plot fragment velocity against time before, during and after impact as shown in 
Figure 2 and global structural response as shown in Figure 3.  
         
 
 
The fragment with L = 20 mm penetrates, but does not perforate the bar on impact.  This is 
indicated by both the zero fragment velocity and longitudinal bar deformation at 0.5 ms shown in 
the figures above.  Penetration is defined as the entry of the fragment into the bar without passing 
through the opposite side, while perforation means that the fragment passes through the bar as is 
the case for all other fragments.  Residual fragment velocity is defined by the horizontally 
straight portion of the velocity-time curves for the perforating fragments in Figure 2, which are 
600, 1100 and 1300 m/s respectively.  Overall longitudinal impact deformation in the bar 
segment was greatest for the L = 20 mm fragment.  Here, all of the fragment’s energy is 
absorbed without perforation occurring, resulting in fragment ricochet and zero residual velocity.  
In all other simulations only part of the fragment’s energy is absorbed resulting in perforation 
Figure 2 
Velocity-time curves for each fragment 
up to 0.5ms 
 
Figure 3 
Longitudinal bar deformation  
at 0.5ms 
 
250 mm 
20 mm 
20 mm L 
A 
B 
y 
x 
z 
 and different values of residual velocity in each case.  Figures 2 and 3 demonstrate that energy 
absorption proportions on impact differ for each fragment size with the L = 80 mm fragment 
retaining most of its kinetic energy.  This is depicted by the varying degrees of longitudinal 
deformation observed in the bar on impact, significant differences in the time taken to penetrate 
and/or perforate the bar and the corresponding differences in residual velocity values for 
perforating fragments.  What’s most interesting is that regardless of impact energy, in terms of 
penetration and perforation ‘resistance’, the bar sustains significant cross-sectional damage in all 
cases, which although very localised at the impact zone, leads to total axial rupture as a result of 
the axial forces applied at each end.  This is shown in Figure 4.  The times between 
penetration/perforation and rupture are negligible and have therefore not been highlighted here.  
                   
Figure 4 – Rupture plots for each fragment  
A - (L = 20 mm), B - (L = 40 mm), C - (L = 60 mm), D - (L = 80 mm) 
 
5  CONCLUSIONS 
In this preliminary numerical study it is shown that at an impact velocity of 1800 m/s, across a 
range of fragment sizes, a small increase in fragment mass has a significant effect on both the 
penetration and perforation process in terms of energy absorption and structural response yet in 
all cases axial rupture occurs in the bar under axial load due to the significant cross-sectional 
damage sustained on impact.  Further studies are ongoing to investigate the rupture sensitivity to 
damage. 
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Abstract This paper presents the results of a preliminary numerical study of an un-tensioned 
spiral-strand cable subjected to explosively formed fragment impact. An effective approach to generate 
finite element models of multi-layer spiral-strands with complex contact conditions has been devised.  
The modified Johnson-Cook model coupled with the Cockcroft-Latham fracture criterion was used to 
model the steel material of both the cable and the fragment. Various fragment velocities were 
considered to evaluate the penetration and perforation resistance of the cable over a given velocity 
range and to study the magnitude of localized cross-sectional damage. This was then used to estimate a 
reduced cable breaking load which was compared with the design resistance of the cable according to 
Eurocode 3. It was found that a 50 mm un-tensioned spiral-strand cable was able to resist perforation 
and axial rupture when subjected to fragment impact velocities of up to 1000 m/s.   
Keywords: Spiral-strand cable, Fragment impact, Non-linear FEM, Perforation and Penetration 
1. Introduction 
Lightweight cable-supported structural systems are widely used in the design and construction of sports 
stadia and bridges as depicted in Fig. 1, but their robustness and resilience against explosively formed 
fragment impact remains largely unknown. 
 
     
Fig.1 Use of cables in stadia and bridges 
 
Very little research has been carried out to study the effects such an impact has on the cables, cable 
terminations and the surrounding structure. Zoli [1] assessed the vulnerability of the typical cable types 
used in cable stay and cable suspension bridges. It was highlighted that there were a number of 
potential mechanisms capable of inducing abrupt cable loss, including the impact of explosively 
formed fragments travelling at high velocity. This study presents a numerical model currently being 
developed to assess the penetration and perforation resistance of such cables. Preliminary results from a 
50 mm un-tensioned spiral-strand cable subjected to fragment impact at different velocities are 
presented with ongoing and future considerations discussed. 
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2. Material modeling and properties 
A complete material description under impact involves not only the stress-strain response highly 
dependent on strain, strain-rate, temperature and loading history, but also accumulation of damage and 
failure [2]. A slightly modified version of the Johnson-Cook constitutive relation (MJC) [3] has been 
used in this study for both the cable and fragment materials. The equivalent stress is expressed as; 
 
σeq = [A + Bεeqn][1 + έeq*]C[1 – T*m]              (1) 
 
where εeq is the equivalent plastic strain and A, B, n, C, and m are material constants. The dimensionless 
plastic strain rate is given by έeq* = έeq/έ0, where έ0 is a user defined strain rate and T* is the 
homologous temperature. The temperature increase due to adiabatic heating is calculated as: 
 
       
∫=∆
eq
P
eqeq
C
d
T
ε
ρ
εσχ
0
       (2) 
 
where ρ is the material density, CP is the specific heat and χ is the Taylor-Quinney coefficient that 
represents the proportion of plastic work converted into heat. 
 
Failure was modelled using a fracture criterion proposed by Cockcroft-Latham (CL) [4] which assumes 
that the fracture occurs when the plastic work W per unit volume exceeds a critical value Wcr: 
 
 
∫ ≤=
eq
creq WdW
ε
εσ
0 1
)(
             (3) 
 
where σ1 is the maximum principal stress, (σ1) = σ1 when σ1 ≥ 0 in tension and (σ1) = 0 when σ1 < 0 in 
compression. Wcr represents the area under the quasi-static stress-strain curve beyond yielding and can 
be determined from one uni-axial tensile test. An element-kill technique in LS-DYNA [5] that removes 
damaged elements when W reaches Wcr at εeq = εf was used to simulate arbitrary crack growth. In 
addition to Eqn. (3), a temperature based erosion criteria was also used in the simulations to remove 
elements when the temperature reaches 90% of its melting temperature denoted as Tc*. In the absence 
of calibrated material data for the high strength steel wires, the MJC & CL parameters of Hardox 400 
structural steel were used to model the wires [6], which are listed in Table 1. 
 
 Table 1 Material properties for MJC constitutive relation and CL fracture Criterion used for steel wires [6] 
Material Yield Stress σ0.2  
(MPa) 
Strain Hardening 
Strain rate 
Hardening 
Temperature 
Softening 
CL Failure 
Hardox 400 1350 (MPa) A = 1350 MPa 
B = 362 MPa  
n = 1.0 
έ0 = 5 x 10-4 (s-1) 
C = 0.0010 
Tr = 293 (K),  
Tm = 1800 (K),  
m = 1.0  
εf = 1.16 
Wcr = 2013 MPa 
  
The fragment material is assumed as the standard 4340 steel whose JC material data are taken directly 
from [7] and listed in Table 2.   
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Table 2 Material properties for MJC constitutive relation used for fragment [7] 
Material Strain  
Hardening 
Strain rate 
Hardening 
Temperature 
Softening 
4340 Steel A = 792 MPa 
B = 510 MPa  
n = 0.26 
έ0 = 5 x 10-4 (s-1) 
C = 0.014 
Tr = 293 (K),  
Tm = 1800 (K),  
m = 1.0  
 
Other general material data used in the simulations for both the cable and fragment are listed in Table 3. 
 
Table 3 Common material properties (also used in the simulations [6]) 
E = 210000 MPa,    υ = 0.3,    ρ = 7850kg/m3,    Cp 452 J/kgK,    χ = 0.9,    TC* = 0.9 
 
3. The numerical model 
Spiral-strand cables are composed of many individual high-strength round steel wires. The wires are 
manufactured from high carbon steel and have nominal tensile strengths in the range of 1550 MPa to 
1770 MPa. The cables are commonly manufactured using circumferential layers spirally wound around 
a central straight wire and spun in opposite directions to minimize residual torque and de-coiling, as 
shown in Fig. 2. The typical diameter ranges from 13 mm to 165 mm [8]. 
 
           
Fig.2 Spiral-strand cable cross section and side elevation 
 
The cable under consideration in this study is a 50 mm un-tensioned spiral-strand cable which is widely 
used for suspension and backstay cables in bridge and stadia construction. The cable consists of 87 
wires; one central wire and five outer layers, each spirally wound in opposite directions over one 
another around the central wire. The central wire is 5.8 mm in diameter; layer 1 consists of seven 4.3 
mm diameter wires; layer 2 consists of seventeen 3.25 mm diameter wires; layer 3 consists of fourteen 
5.3 mm diameter wires; layers 4 and 5 consist of forty-eight 5 mm diameter wires. The cable model 
was constructed using a staged process briefly discussed here. Firstly a central wire made up of 
8-noded, single integration point solid elements was made. Then each subsequent layer was constructed 
using approximate cross-sectional wire coordinates until all 87 wires were positioned parallel to one 
another in approximate locations. A JavaScript in LS-DYNA was then developed to morph the 
geometry of each layer around the central wire to create the spiraling based on the lay length and lay 
angle provided by the cable manufacturer. For reference, the lay length describes the length after which 
a wire reappears at the same angular position along the longitudinal axis of the cable; hence the lay 
length is different for each layer. The construction procedure of the cable model is illustrated in Fig. 3.   
Central wire. 
Spirally wound layers spun 
in opposite directions. 
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Fig.3 Construction sequence of the finite element model of the spiral-strand cable 
 
  
Due to the lack of data on fragments generated from accidental or malicious explosions, the fragment 
was modeled as a standard 20 mm FSP (Fragment Simulating Projectile) as shown in Fig 4a and b. 
Fragment simulating projectiles are typically used in ballistics testing. They are based on and 
characterized by the break-up of artillery shells when detonated. On detonation, the fragmentation 
pattern is relatively random and not suitable for repeatable laboratory testing. The same is assumed for 
fragments generated from accidental or malicious explosions. In order to provide a repeatable 
simulation of a fragment generated from an explosion the FSP is used. The results highlighted in this 
paper are to be validated against future experimental testing using a standard ballistics test method 
which adopts the use of the FSP, hence the reason for using it in the modeling. The fragment has been 
simplified in the numerical model as a 20 mm diameter × 20 mm long solid cylinder made up of 
8-noded single integration point solid elements as shown in Fig 4c. 
 
                  
               (a)                         (b)                       (c) 
 
Fig.4 Fragment Simulating Projectile and the finite element model 
 
The final model consisting of both the cable and fragment is shown in Fig. 5. The colour in the wires 
represents individual part references for each wire. There are a total of 1,829,100 elements, 2,170,829 
nodes and 2 contact algorithms defined using node and element sets. It took approximately 12 hours for 
a typical explicit simulation to complete on a Dell Precision T5400 workstation using 4 CPU’s and 8 
GB of RAM.  
 
(a) Central wire & layer 1 
overlaid 
(b) Layer 2 & 3 overlaid  (c) Layer 4 & 5 overlaid  
20 mm 
20 mm 
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Fig.5 The complete finite element model with cable and fragment 
 
Contact between the adjacent wires was modeled using an automatic single-surface contact penalty 
formulation in LS-DYNA. A friction coefficient of 0.2 was used between individual wires and between 
the wires and the fragment. Contact between the fragment and the wires was modelled using an eroding 
surface-surface penalty formulation also available in the code, which re-calculates the contact surfaces 
on impact and during penetration as elements are being removed from the mesh. 
Four fragment velocities, 250 m/s, 500 m/s, 750 m/s, and 1000 m/s, were considered in this study to 
evaluate the penetration and perforation resistance of the cable. Penetration here is defined as the entry 
of the fragment into the cable without passing through the opposite side, while perforation means that 
the fragment passes through the cable. In all simulations both ends of the cable were fully fixed.   
 
4. Results and discussion 
Fig. 6 shows the damage profiles obtained from each simulation output as intense regions of plastic 
strain.   
 
    
         
(a) 250 m/s FSP impact       (b)  500 m/s FSP impact 
   
 
250 mm 
50 mm 
Vi 
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(c) 750 m/s FSP impact       (d)  1000 m/s FSP impact 
 
Fig.6 Cable penetration and perforation plots 
 
The damage sustained in each simulation was extremely localized to the impact zone. In all cases total 
cable perforation was not achieved and only in simulation Cases 2, 3 and 4 was penetration achieved, 
although the damage level and penetration depth increased with an increase in fragment velocity. An 
estimation of the penetration depth in each simulation can be made considering the number of layers 
damaged, which is shown in Table 4 below. In all simulations, the global cable deformation was 
neglegible compared with local deformation, although it is believed that this is a direct result of the 
longitudinal bending stiffness of the cable length being modelled. As higlighted by Zukas [1] impact 
velocity directly influences structural behaviour. At the higher velocity range overall structural 
response may be secondary to the localised response at the impact zone whilst the opposite may prevail 
in the lower velocity range. Studies are ongoing to investigate the effects of cable length especially for 
fragment velocities less than 500 m/s.   
 
In each simulation, especially Cases 2, 3 and 4 there was considerable individual wire movement 
observed on impact which is believed to be primarily due to the absence of tension acting in the cable.  
This may not be present in a fully tensioned cable where the wires have become embedded under load, 
which may increase the penetration and perforation resistance. If tension was present consideration 
would have to be given to how the wire behaves when perforated in terms of dynamic decoiling or 
bird-caging and the energy associated with such phenomena. Studies are ongoing to investigate this. 
 
The results of each simulation have been used to determine the residual load capacity of the cable after 
impact. This was achieved by converting the extent of cable damage into a reduced cable breaking load 
by deducting the tensile capacity of significantly damaged individual wires from the minimum 
breaking load (MBL) of the cable, which in this case is 2400kN as provided by the cable manufacturer. 
According to Eurocode 3 [9], the MBL is the load that is always achieved in a full-scale breaking test, 
and the design resistance of the cable Zr,d is calculated by dividing the MBL by a partial safety factor of 
1.65. Therefore the design resistance of this specific cable is 1455 kN. The tensile load acting in the 
cable Nr,d can also be factored using the partial safety factor method and in all cases Nr,d must be ≤ Zr,d 
= 1455 kN. 
 
To derive individual wire capacities, the ultimate tensile strength of the wire has been used, which is 
approximately 1725 MPa as provided by the cable manufacturer. Quantification of cable damage has 
been based on the magnitude of penetration and perforation observed in individual wires after impact. 
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A simple rule was adopted here to quantify the damage level which was; if a wire was totally perforated 
or had sustained a reduction in cross-sectional area ≥ 20% of its original area then its tensile capacity 
was totally deducted from the MBL. This is a simplified approach which is currently under 
development to consider the calculation of load capacity for any reduction in wire cross-sectional area 
and is only used for the purpose of demonstration. The results of the damage assessment for each 
simulation are shown in Table 4 with reduced cable breaking loads and penetration depths estimated. 
 
Table 4 Residual cable load and fragment penetration depth calculations after impact 
Simulation 
Fragment 
velocity (m/s) 
No. of wires damaged 
post impact 
Estimation of 
fragment penetration 
depth (mm) 
Estimation of reduced cable  
breaking load post  
impact (kN) 
1. 250 (Fig. 6a) 0 0 2400 
2 500 (Fig. 6b) 3 (in layer 5) 5 mm approx. 2300 approx. 
3 750 (Fig. 6c) 
4 (in layer 5) 
4 (in layer 4) 
2 (in layer 3) 
2 (in layer 2) 
19 mm approx. 2023 approx. 
 
 
4 1000 (Fig. 6d) 
5 (in layer 5) 
4 (in layer 4) 
3 (in layer 3) 
6 (in layer 2) 
1 (in layer 1) 
23 mm approx. 1870 approx. 
 
As can be seen from Table 4, the estimated reduced cable breaking load is not less than Zr,d in all cases, 
which in terms of design for static loading would suggest that the cable would not rupture when 
subjected to such fragment impact velocities. If for example, a dynamic tensile load was induced in the 
cable as a result of possible associated blast pressure interaction with the structure the cable is 
supporting, rupture could occur as this load may be many orders of magnitude higher than the reduced 
breaking load of the cable. Although based on work by McCann [10] it is viewed that under dynamic 
tensile loading, abrupt cable loss would come as a result of termination failure rather than cable rupture 
and studies are ongoing to investigate this further considering also the strain rate effects in the steel 
wires.   
 
Another consideration to make is the effect of cable load sharing in an abrupt cable loss scenario. For 
example, if this cable was part of a structural system in which load sharing was present, a possible 
situation may arise where one cable is totally removed from the system as a direct result of an 
explosion and neglecting the global dynamic effects of such removal, a neighboring cable or set of 
cables had sustained levels of fragment induced damage similar to that highlighted in Table 4. If such 
cable or cable set was then required to share a percentage of the load the absent cable was carrying then 
this could lead to single or multiple abrupt cable loss as the load percentage maybe much higher than 
the reduced cable breaking loads. This is viewed as a possible, although worst case scenario situation in 
which further studies are ongoing. 
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5. Conclusions 
In this paper, a method currently under development to assess the penetration and perforation resistance 
of spiral-strand cables has been demonstrated. An effective approach to generate finite element models 
of multi-layer spiral-strands with complex contact conditions has been devised and applied in fragment 
impact studies and a discussion of the results along with ongoing and future considerations has been 
provided. The modified Johnson-Cook model coupled with the Cockcroft-Latham fracture criterion 
was used to model the steel material of both the cable and the fragment in LS-DYNA. It has been 
shown that a 50 mm un-tensioned spiral strand cable is able to resist perforation and axial rupture when 
subjected to fragment impact velocities of up to 1000 m/s. Laboratory tests are being carried out to 
validate the numerical modeling. 
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ABSTRACT 
This paper presents the results of a numerical study carried out to evaluate the response of high-strength 
steel spiral-strand cables, when subjected to high velocity fragment impact. A detailed numerical model 
of a 60 mm diameter spiral-strand cable subjected to impact from a 20 mm fragment simulating projectile 
has been developed for analysis in LS-DYNA. Detailed consideration was given to the complex geometry 
of the cable, wire-to-wire contact and friction, cable-end boundary conditions and appropriate material 
modelling. Fragment velocities between 200 and 1400 m/s were modelled to assess the penetration and 
perforation resistance of the cable and to study the magnitude of localised cross-sectional cable damage. 
The numerical results were validated against initial laboratory tests. In both the tests and numerical 
simulations none of the cables were perforated by the fragments and good agreement was seen in the 
damage area, the fragment penetration depth and the wire splay phenomenon.   
 
1. Introduction 
Spiral-strand cables are widely used in the design and construction of sports stadia and bridges as 
depicted in Fig. 1, but their robustness and resilience against explosively formed fragment impact, 
whether accidental or malicious, remains largely unknown. Very little research has been carried out to 
study the effects such an impact has on the cables, cable terminations and the surrounding structure. Zoli 
[1] assessed the vulnerability of the typical cable types used on cable-stayed/suspended bridges. It was 
highlighted that there are a number of potential mechanisms capable of inducing abrupt cable loss 
including the impact of explosively formed fragments travelling at high velocity.    
 
                
 
 Fig.1 Use of cables in stadia and bridges 
 
 
In this paper a detailed numerical model of a 60 mm diameter spiral-strand cable subjected to impact from 
a 20 mm fragment simulating projectile (FSP) has been developed for analysis in LS-DYNA [2]. The FSP 
was used in the absence of real fragment data from the types of explosion mentioned above and for the 
purpose of experimental validation. Detailed consideration was given to the complex geometry of the 
cable, wire-to-wire contact and friction, cable-end boundary conditions and appropriate material 
modelling. Key material parameters were derived for the modified Johnson-Cook (MJC) constitutive 
relation [3] and the Cockcroft-Latham (CL) fracture criterion [4], both of which were used to model the 
material of the cable and the FSP. Fragment velocities between 200 and 1400 m/s were considered to 
evaluate the penetration and perforation resistance of the cable and to study the magnitude of localised 
cross-sectional cable damage. Initial laboratory tests were carried out to validate the numerical 
simulations. In these experiments, six un-tensional 60-mm diameter spiral-strand cables were tested by 
firing standard 20-mm FSPs at the cables using a high powered powder gun.  
 
2. Laboratory tests of cables 
Spiral-strand cables are comprised of many individual high strength round steel wires. The wires are 
manufactured from high carbon steel and have nominal tensile strengths in the range of 1550 to 1770 
MPa. The cables are manufactured using circumferential layers spirally wound around a central straight 
wire and spun in opposite directions to minimise the residual torque and de-coiling as a result of the 
elastic-stresses induced in the wires during the spinning process. A typical schematic of a spiral-strand 
cable is shown in Fig. 2. 
                      
Fig.2 Cross-section and side elevation of a typical spiral-strand cable 
 
The cable tested and modelled in this study is a 60-mm diameter un-tensioned spiral-strand cable. The 
cable consists of one central wire and seven outer layers and is manufactured from 120 wires in total. The 
diameter of the wires ranges from 3.2 to 5.8 mm, and their nominal tensile strength is 1770 MPa. 
Six 1-m length cables were provided by Bridon International Ltd, one of the leading rope and cable 
manufacturers in Europe, and tested at Shrivenham Defence Academy in the UK. Each cable was 
mechanically fitted with a ‘wrap-around’ steel coil at both ends to mimic the end conditions when they 
are socketed into steel terminations. The cables were clamped to a simple test frame as shown in Fig. 3. A 
high powered powder gun was used to fire the standard 20-mm FSP. The fragment velocities 1328 m/s, 
680 m/s, 580 m/s, 501 m/s, 360 m/s and 297 m/s were tested. The initial and residual fragment velocities 
were measured by an optical velocity measurement system.  A high speed video camera was used to 
capture the fragment impact events.  
 
      
     Fig.3 Experimental set-up for cables under impact 
 
3. Numerical Model 
The numerical model of the cable was constructed using a staged process illustrated in Fig. 4 and briefly 
discussed here. Firstly, a central wire made up of 8-noded single integration point solid elements was 
made. Then each subsequent layer was constructed in the same manner using cross-sectional wire co-
Powder Gun
Simple test frame 
Cable 
Sample
Initial velocity 
measurement 
 ordinates until all wires were positioned parallel to one another in approximate locations. This was carried 
out using LS-PrePost [5]. The model consisting purely of nodes and elements was then transferred into 
Oasys PRIMER [6] and a JavaScript was then imported to morph the geometry of each layer around the 
central wire to create the spiralling based on the lay lengths and lay angles provided by Bridon. For 
reference, the lay length describes the length after which a wire reappears at the same angular position 
along the longitudinal axis of the cable; hence the lay length is different for each individual layer. The 
script can also be used to construct spiral strands of any diameter given the lay lengths and lay angles are 
provided.   
 
 
 
Fig.4 Construction sequence of the finite element model of a 60 mm diameter spiral-strand cable 
 
In the absence of data on fragments generated from accidental or malicious explosions, the fragment was 
modelled as a standard 20-mm FSP as shown in Fig. 5a and b. The FSP’s are typically used in ballistics 
testing. They are based on and characterised by the break-up of artillery shells when detonated. On 
detonation, the fragmentation pattern is relatively random and not suitable for repeatable laboratory 
testing. The same is assumed for fragments generated from accidental or malicious explosions. In order to 
provide a repeatable simulation of a fragment generated from an explosion the FSP is used as standard.  
The fragment has been simplified in the numerical model to a 20 mm diameter x 20 mm long cylinder 
also made of 8-noded solid elements with single integration point as shown in Fig. 5c.   
 
                                                       
 
(a) (b) (c) 
 
Fig.5 Fragment simulating projectile and the finite element representation 
 
20 mm
20 mm 
 In the simulations, initial velocities similar to those used in the tests were assigned to the FSP under the 
*INITIAL_VELOCITY card. To limit the computational cost, a cable segment of 250 mm long was 
modelled. This was reasonable because the cable global behaviour would be secondary to the local 
behaviour at such high impact velocities [7]. Studies are ongoing to investigate the effects of the cable 
length on the impact, penetration and perforation resistance of the cables especially at the lower fragment 
velocity range. The full numerical model consisting of the cable and fragment is shown in Fig 6. The 
colour in the wires represents individual *PART references for each wire. 
 
 
 
Fig.6 Complete finite element model with cable and fragment 
 
Contact between adjacent wires and between the wires and the fragment was modelled using a 
*ERODING_SINGLE_SURFACE penalty formulation in LS-DYNA, which can not only model the wire 
to wire contact, but  regenerate contact surfaces when fully damaged elements are removed from the 
mesh. A global dynamic friction coefficient of 0.2 was used in all simulations for modelling wire-to-wire 
and fragment-to-wire friction. The Flanagan-Belytschko stiffness based hourglass control was also 
applied to all elements using the *HOURGLASS card. 
Two boundary conditions at the cable ends were considered using the *BOUNDARY_SPC cards. The 
first condition allowed for only axial translational of the wires at both ends of the cable, while the second 
constrained all 6 degrees of freedom to zero. The first condition was considered to be representative of the 
test conditions as discussed later, and the second was considered to be closer to the real end conditions of 
a cable in a cable supported structure. It is viewed that the end constraint lies somewhere between both 
boundary conditions when account is made for wire-to-wire and wire-to-coil frictional resistance. 
*INITIAL_VELOCITY
250 mm
60 mm
  
 
4. Material constitutive models 
A complete material description under impact involves not only the stress-strain response highly 
dependent on strain, strain-rate, temperature and loading history, but also accumulation of damage and 
failure [7]. A slightly modified version of the Johnson-Cook constitutive relation [3] has been used in this 
study for both the cable and fragment materials. The model is typically denoted as the MJC model in the 
literature to distinguish it from the original model [8]. The equivalent stress is expressed as 
 
σeq = [A + Bεeqn][1 + έeq*]C[1 – T*m]                         (1) 
   
where A is the yield strength, B the hardening modulus, εeq the equivalent plastic strain, n the hardening 
coefficient, C is the strain rate sensitivity coefficient, and έeq* a dimensionless plastic strain rate equal to 
έeq / έ0 where έ0 is a user defined strain rate . The temperature dependence is given by the homologous 
temperature T* 
                                                    T*= (T – Tr)/(Tm – Tr)                                                                (2) 
where T is the absolute temperature, Tr the room temperature, Tm the melting temperature and m the 
thermal softening coefficient. In Eq. (1), the terms in the three brackets represent the strain hardening, the 
strain-rate sensitivity and the temperature softening, respectively.  
The temperature increment due to adiabatic heating is calculated by 
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0
                                                             (3) 
where ρ is the material density, Cp the specific heat and χ the Taylor-Quinney coefficient that represents 
the proportion of plastic work converted into heat. 
Material failure in both the cable and fragment was modelled using the Cockcroft-Latham (CL) fracture 
criterion [4] which assumes that fracture occurs when the plastic work W per unit volume exceeds a 
critical value Wcr: 
           eq creq WdW  0 1                                                       (4) 
 
where σ1 is the maximum principal stress, ‹σ1› = σ1 when σ1 ≥ 0 and ‹σ1› = 0 when σ1 < 0. The critical 
value of Wcr is the area under the true stress-strain curve and can be determined from simple uniaxial 
tensile tests. To initiate element failure during impact, the model is coupled with an algorithm that erodes 
 damaged elements when W reaches Wcr. In addition to Eq. (4), a temperature based erosion criteria was 
also adopted to remove elements when their temperature reaches Tc*=0.9Tm, because at such high 
temperatures, the material is too soft to resist impact [9]. Both the MJC constitutive relation and the CL 
fracture criterion are available under *MAT_107 (*MODIFIED JOHNSON COOK MODEL) [2]. The 
MJC and CL parameters for the wires are tabulated in Table 1. These are based on Brigman corrected true 
stress-strain data derived by Walton in [10] for the 1770 MPa strength wire. 
 
Table 1 Material properties for MJC and CL parameters used for steel wires 
Strain Hardening 
Strain rate 
Hardening 
Temperature Softening CL Failure Temperature cut-off 
A = 1980 (MPa) 
B = 375 (MPa) 
n = 0.81 
έ0 = 5 x 10-4 (s-1) 
C = 0.0010 
Tr = 293 (K), 
Tm = 1800 (K), 
m = 1.0 
Wcr = 1350 (MPa) Tc* = 1620 (K) 
 
The FSP is typically manufactured from 4340 steel.  Therefore the MJC and CL material parameters have 
been taken directly from [8] and listed in Table 2. 
 
 
Table 2 Material properties for MJC and CL parameters used for FSP 
Strain Hardening 
Strain rate 
Hardening 
Temperature Softening CL Failure Temperature cut-off 
A = 792 (MPa) 
B = 510 (MPa) 
n = 0.26 
έ0 = 5 x 10-4 (s-1) 
C = 0.014 
Tr = 293 (K), 
Tm = 1800 (K), 
m = 1.0 
Wcr = 1350 (MPa) Tc* = 1620 (K) 
 
Other material parameters used in the simulations for both the cable and fragment are listed in Table 3. 
Table 3 Common material properties 
E = 210,000 (MPa), υ = 0.3,  ρ = 7850 kg/m3, Cp = 452 J/kgK, χ = 0.9 
 
5. Results and discussion 
5.1 Laboratory tests 
Fig. 7 shows the damaged cables in the laboratory tests for three velocities, 1328 m/s, 680 m/s and 297 
m/s.   
 
                      
 
Fig.7 Damaged cables in the laboratory tests from fragment velocities (a) 1328 m/s (b) 680 m/s and (c) 297 m/s 
 
In all the tests the fragments did not perforate the cables and significant penetration was only observed for 
the 1328 m/s and 680 m/s fragment velocities. The damage sustained was localised to the impact zone, 
which was small relative to the cable length. Post-test inspections found that a number of wires at the end 
of the cable had been pulled through the steel coil, especially for the 1328 m/s fragment velocity. As a 
result, significant wire-splay (horizontal wire translation) at the impact zone was observed as can be seen 
in Fig. 7a. 
Significant wire flattening was observed in the tests on impact. This appears to be a result of the wires in 
a specific layer being pressed against the wires below in a lower layer. This leads to tensile failure in a 
thinned section of a wire. 
The measured fragment penetration depth (FPD) was less than half the diameter of the cable in all cases. 
As expected, a significant decrease in the FPD was observed as the velocity and thus kinetic energy of the 
fragment was reduced (see Fig. 10). 
 
5.2 Numerical simulations  
Fig. 8 shows the cables with damage fringes obtained from the numerical simulations using the first 
boundary condition for the 1328 m/s, 680 m/s and 297 m/s fragment velocities. The fringes in Fig. 8 
represent regions of high plastic strain. The simulated results from the second boundary condition are 
shown in Fig. 9. 
   
(a) (b) (c) 
                                                    
 
Fig.8 Predicted cable damage from fragment velocities (a) 1328 m/s (b) 680 m/s and (c) 297 m/s using the first boundary 
condition. 
 
                           
 
 Fig.9 Predicted cable damage from fragment velocities (a) 1328 m/s (b) 680 m/s using the second boundary condition. 
 
Comparison of Fig. 7 and Figs. 8-9 shows that the first boundary condition led to predictions closer to the 
test observations than the second, with respect to the FPD, the number of fractured wires, wire flattening 
and wire-splay phenomenon across all fragment velocities considered. This is because the first allowed 
axial translation of the wires near the ends of the cable, which was observed in the tests and discussed in 
section 5.1, whereas the second fully fixed both ends, leading to less dramatic deformation at the impact 
zone. There was negligible difference in the fragment penetration depth and overall damage magnitude 
when the second boundary condition was considered. The FPD-fragment velocity curves for all the tests 
and numerical simulations using the first boundary condition are compared in Fig 10, where good 
agreement can be seen. 
(a) (b) (c) 
(a) (b) 
              
Fig.10 Experimental and numerical fragment penetration depths 
 
6. Conclusions 
This study has developed a full 3D finite element model for spiral-strand cables subjected to high velocity 
fragment impact for analysis in LS-DYNA. The model considers the complex topology of the cable, 
complicated wire-to-wire contact and friction, and realistic material constitutive laws. A cable with 120 
wires was modelled as an example and the numerical results were satisfactorily validated against initial 
laboratory tests for six fragment velocities, in terms of the global cable response, the localised damage 
area, and the penetration depth. Further studies are ongoing to investigate the effects of other key factors 
such as the cable length and cable pre-stress on the impact resistance of the cables. This study represents a 
first step in gaining a better understanding of the robustness and resilience of structural cables against 
high velocity fragment impact, using both numerical modelling and experimental validation. The research 
outcomes will be used to better inform structural designs where physical security is a key requirement. 
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With the UK set to become low carbon by 2020, the
National Construction College (NCC) is calling on
employers to act now to train their workforce so that
they can take advantage of emerging green contracts
and not fall foul of changing regulations and
legislation.
The Government’s ﬂagship ‘Green Deal’ signals an
environmental pledge to reduce carbon emissions
from the existing housing stock, while providing an
economic boost for construction SMEs. UK homes
alone account for 27% of all UK carbon emissions, so
it’s of high importance that the thermal efﬁciency is
addressed sooner rather than later. 
Beyond housing, research shows that a large and
growing number of clients want construction SMEs to
be able to deliver carbon reduction solutions now. ‘It
is clear that there are opportunities out there for SME
contractors to win work through the Government’s
green agenda,’ says Andy Walder, Director of the
NCC. ‘And now is the time for them to take action,
ensuring that they are able to deliver the low-carbon
solutions that their clients will want now and in the
coming years.’
‘At a time when many small businesses are
battling with the impact of the recession, the prospect
of new work in the Construction and the Built
Environment sector couldn’t come at a better time.
However, in order to survive and increase productivity,
companies need to develop their knowledge and
expertise in the low carbon arena to ensure that they
have the right skills to maximise on the opportunities
presented by the changes in legislation,’ he adds.
The National Construction College is working now
to deliver the skills training needs of the Construction
and Built Environment sector. In response to the
growing demand for low carbon construction the
College has developed sustainability training and
workshops to help construction businesses to take
advantage of this market.
The workshops have been designed to help
managers, contractors and owners of small and
medium sized businesses improve their knowledge
and awareness of sustainability and its impact on
their business. There are also four further one day
courses that will be available for businesses to help
them identify changes that can be made to ensure
greater proﬁtability and legal compliance in this area.
The training courses and workshops are being
delivered as part of the ‘Cut the Carbon’ campaign
(www.cskills.org/cutcarbon).
Further information: National Construction College 
(tel: 0344 994 4433; web:
www.nationalconstructioncollege.co.uk).
Over 60 of the UK’s most ambitious engineering PhD
students gathered at the Institution’s headquarters
last month to share knowledge, present their work
and exchange ideas with peers, industry leaders and
key members of the Institution.  
Vice President Professor Tim Ibell chaired the
conference which started with an inspiring keynote
address by Dr John Roberts, followed by both oral and
poster student presentations and open forum question
and answer sessions. 
‘The quality of presentations (oral and poster) was
exceptional at this year’s Young Researchers’
Conference (YRC). We should be very proud of our
research students’ ability to communicate their
research with such aplomb at this stage of their
careers’ said Prof. Ibell.
Judges chose Malcolm Hudson from Shefﬁeld
University as the winner of the oral presentations, and
CTBUH Annual International Student Design
Competition – 2011: Why Tall?
The Council on Tall Building and Urban Habitat
(CTBUH) is inviting students from around the world to
take part in the CTBUH 2011 Student Design
Competition: Why Tall?
It aims to shed new light on the meaning and
value of tall buildings in modern society from the
perspectives of sustainability, safety, and humanity.
Tall buildings are no longer just mere
representations of modern cities; they are an integral
part of our everyday life. They have expanded their
role from providing space for commercial purposes
to also include satisfying residential needs. They are
fast becoming an important feat of human
engineering, as they meet the growing demands of
urban dwelling and reshaping the landscape of
modern cities.
It is the time to redeﬁne the meaning and value of
tall buildings in our modern society, by highlighting
the aspects of sustainability, safety, and humanity in
tall buildings. In light of global climate change, public
awareness of urban sustainability has forced
designers to rethink and reinvent the role of the
high-rise building type. They must contribute to the
protection of endangered environments and offer
sustainable alternatives to how cities operate.
This is a digital competition and no hardcopies
are necessary. Entrants must submit one ISO A0
panel and one page project description of their
proposal digitally, no later than 31 August 2011. 
All university students are invited to participate in
the design competition and multi-disciplinary teams
are encouraged. Following approval of your online
registration, the CTBUH will issue you a registration
number that will be necessary for the ﬁnal
submission. There is no limit as to the number of
participants per team. Individual entries are also
accepted.
Download the project brief at
(http://www.ctbuh.org/Events/Competitions/CTBUHA
nnualCompetition/tabid/2106/language/en-
US/Default.aspx).
The National Engineering & Construction
Recruitment Exhibition (NECR)
Following its launch last year, the Engineering
Council and Professional Engineering Institutions
(PEIs) are once again exhibiting together on the
Professional Development Hub at The National
Engineering & Construction Recruitment Exhibition
(NECR) at the NEC, Birmingham, 6-7 May 2011, (Fri)
11:00-17:00; (Sat) 11:00-16:00, free entry.
The Professional Development Hub (PDH) will
cover more engineering disciplines, with a greater
number of PEIs taking part resulting in an increased
number of representatives on hand to advise visitors
about their professional development options,
including information about institution membership
and professional registration.
An impressive range of leading engineering and
construction companies will be recruiting at the
exhibition, including GE Aircraft Engine Services,
Jaguar Land Rover, JCB, Network Rail and RSA.
Employers will be offering career opportunities
across all disciplines for experienced and skilled
professionals as well as graduates. 
Further information: (web: www.engineerjobs.co.uk).
Young Researchers’ Conference 2011
In brief...
Getting ahead of the game – green training now
News
Ashkan Shahbazian from University of Manchester as
the winner of the poster presentations. Both received
£500, amongst other prizes.
Both Leroy Gardner and Dennis Lam commented
on the extremely high standards of work as well as
the importance of the conference for research
development. 
Professor Ibell closed the conference with the
following thought: ‘If researchers in future years are to
beat the efforts of those in YRC 2011, the profession
is in very good hands at the research level’.
Oral presentation judges
Paul Astle Pick Everard
Mike Banﬁ Arup
Leroy Gardner Imperial College London
Huw Morrison URS/Scott Wilson 
Poster presentation judges 
Costas Georgopoulos Kingston University
Susan Giahi-Broadbent Atkins
Abdy Kermani Napier University
Dennis Lam Bradford University
Chris White EPSRC
Brian Bell ICE/ Network Rail
The sponsors
The 2011 Young Researchers’ Conference was
sponsored by Atkins, Flint & Neill, ICE and URS/Scott
Wilson. To ﬁnd out more about sponsorship
opportunities please contact the Events Dept. at:
events@istructe.org.  
For more information on the YRC please visit the
events area of the Institution website.
The winners and runners-up of the poster and
oral presentation prizes – Left-Right: John Orr,
Ryan Judge, Malcolm Hudson, Prof. Tim Ibell,
Ashkan Shabazian, David Byrne, and Séan Carroll
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